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PREFACE 
This dissertation consists of six chapters. Chapter one gives background information and 
justification for conducting the study, and also states the objectives. Chapter two reviews 
literature relevant to the study. Chapters three to five consist of three experiments presented in 
paper format, complete with an introduction, specific objectives, hypotheses, materials and 
methods, results, a brief discussion, conclusions and recommendations. Chapter six discusses the 
main findings from the experiments outlined in chapters three to five, as well as providing 
general conclusions and recommendations.  All the references cited in the study can be found in 
the reference list presented after chapter six. Appendices containing outputs of statistical 
analyses of data presented in the dissertation are placed at the end of this dissertation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
ABSTRACT 
Quality protein maize (QPM) has enhanced levels of two essential amino acids, lysine and 
tryptophan compared to normal maize. This makes QPM an important cereal crop in 
communities where maize is a staple crop. The main abiotic factor to QPM production is drought 
stress. Little information is available on the effect of drought stress on QPM. Therefore, the 
objectives of this study were to: (i) conduct diversity analysis of QPM inbred lines using 
morpho-agronomic and simple sequence repeat markers, (ii) screen available QPM inbred lines 
and F1 progeny for tolerance to seedling drought stress, (iii) determine the combining ability and 
type of gene action of QPM inbred lines for tolerance to seedling drought stress, grain yield and 
endosperm modification. The study was conducted in South Africa, at the University of Fort 
Hare. 
 
Morphological characterisation of 21 inbred lines was done using quantitative and qualitative 
traits. A randomised complete block design with three replicates was used for characterizing the 
inbred lines in the field. Genstat statistical software, version 12 (Genstat 
®,
 2009) was used for 
analysis of variance (ANOVA) and descriptive statistics. Analysis of variance was performed on 
all quantitative data for morphological traits. Data for qualitative traits was tabulated in their 
nominal classes. Traits that contributed most to the variation were days to anthesis, days to 
silking, anthesis-silking interval, plant height, number of kernel rows, ear length and grain yield. 
Cluster analysis grouped the inbred lines into three main clusters. The first cluster was 
characterised by tall and average yielding lines, while the second cluster showed the least 
anthesis-silking interval, and had the highest yield. Cluster three consisted of lines that were 
early maturing, but were the least yielding. Genetic distances between maize inbred lines were 
quantified by using 27 simple sequence repeat markers. The genetic distances between genotypes 
was computed using Roger’s (1972) genetic distances. Cluster analysis was then carried out 
using the neighbour-joining tree method using Power Marker software version 3.25. A 
dendrogram generated from the genetic study of the inbred lines revealed three groups that 
concurred with expectations based upon pedigree data. These groups were not identical to the 
groups generated using morpho-agronomic characterisation.  
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Twenty one QPM inbred lines were crossed using a North Carolina design II mating scheme. 
These were divided into seven sets, each with three inbred lines. The three inbred lines in one set 
were used as females and crossed with three inbred lines in another set consisting of males. Each 
inbred line was used as a female in one set, and as a male in a second set. Sixty three hybrids (7 
sets x 9 hybrids) were formed and evaluated in October 2011, using a 6x8 alpha-lattice 
incomplete block design with three replicates under glasshouse and optimum field conditions. A 
randomised complete block design with three replicates was used for the 21 parental inbred lines. 
Traits recorded for the glasshouse study were, canopy temperature, chlorophyll content, leaf roll, 
stem diameter, plant height, leaf number, leaf area, fresh and dry root and shoot weights. Data 
for the various traits for each environment, 25% (stress treatment) and 75% (non-stress) of field 
capacity, were subjected to analysis of variance using the unbalanced treatment design in Genstat 
statistical package Edition 12. Where varietal differences were found, means were separated 
using Tukey’s test. Genetic analyses for grain yield and agronomic traits were performed using a 
fixed effects model in JMP 10 following Residual Maximum Likelihood procedure (REML). 
From the results, inbred lines that were not previously classified into heterotic groups and 
drought tolerance categories were classified based on their total dry weight performance and 
drought susceptibility index. Inbred lines L18, L9, L8, L6 and L3, in order of their drought 
tolerance index were the best performers under greenhouse conditions and could be 
recommended for breeding new varieties that are tolerant to seedling drought stress. Evaluation 
of maize seedlings tolerant to drought stress under glasshouse conditions revealed that cross 
combination L18 x L11 was drought tolerant, while cross L20 x L7 was susceptible. Total dry 
weight was used as the major criteria for classifying F1 maize seedlings as being resistant or 
susceptible.  General combining ability effects accounted for 67.43% of the genetic variation for 
total dry weight, while specific combining ability effects contributed 37.57%. This indicated that 
additive gene effects were more important than non-additive gene action in controlling this trait.  
 
In the field study (non-drought), the experimental design was a 6x8 alpha lattice incomplete 
block design with three replicates. On an adjacent field a randomised complete block design with 
three replicates was used to evaluate the parental inbred lines.  
The following variables were recorded: plant height, ear height, ears per plant, endosperm 
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modification, days to silking and days to anthesis, anthesis-silking interval, number of kernels 
per row, number of rows per ear and grain yield. General analyses for the incomplete lattice 
block design and randomised complete block design for hybrid and inbred data respectively were 
performed using JMP 10 statistical software. Means were separated using the Tukey's test. 
Genetic analyses of data for grain yield and agronomic traits were conducted using a fixed 
effects model using REML in JMP 10. The importance of both GCA (51%) and SCA (49%) was 
observed for grain yield. A preponderance of GCA existed for ear height, days to anthesis, 
anthesis-silking interval, ears per plant and number of kernels per row, indicating that 
predominantly, additive gene effects controlled hybrid performance under optimum field 
conditions. The highest heritability was observed for days to silking (48.27%) suggesting that 
yield could be improved through selection for this trait.  Under field conditions, variation in time 
to maturity was observed. This implies that these inbred lines can be recommended for utilisation 
in different agro-ecologies. Early maturing lines such as L18 can be used to introduce earliness 
in local cultivars, while early maturing single crosses such as L18 x L2, L5 x L9, L3 x L4 and L2 
x L21 could be recommended for maize growers in drought prone areas such as the former 
Ciskei. Single crosses L18xL11, L16xL18, L8xL21 and L9xL6 had good tolerance to seedling 
drought stress. On the other hand, single crosses L18xL11 and L11xL13 had high grain yield and 
good endosperm modification. All these single crosses could be recommended for commercial 
production after evaluation across locations in the Eastern Cape Province. Alternatively they can 
be crossed with other superior inbreds to generate three or four way hybrids, which could then be 
evaluated for potential use by farmers in the Eastern Cape. 
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CHAPTER 1  
 
GENERAL INTRODUCTION 
 
Maize (Zea mays. L) is an important cereal crop that is mostly grown for human consumption 
and livestock feeding in Southern African countries. In South Africa, about 60 % of the maize 
grain grown is white, while 40% is yellow (van der Merwe, 1995). The carbohydrate rich grains 
are consumed in various forms, and the kernels can be eaten as whole grains or milled into flour 
and used to make thick pastes. Preference by maize eating communities is generally for harder 
endosperms for both maize meal and green mealies (Muchara, 2011). 
 
A greater proportion of the Eastern Cape (EC) population relies on maize as a source of energy 
although not much is grown in the province itself, with 80-90% being sourced from other 
provinces (Traub, and Jayne, 2006). In recent years, the demand for the crop has risen by 3% 
(Durand, 2006), but production is still at its lowest, with the EC producing only 1% of the 
country’s total maize production. This is attributed to several biotic and abiotic constraints, of 
which drought is the principal abiotic constraint. Similar to most crops, maize is drought 
sensitive and this inability to withstand drought limits the production of the crop in the province.  
 
Although parts of the EC are characterised by erratic and unpredictable rainfall patterns, maize is 
produced predominantly under dryland conditions. It is irrigated only on 10% of arable land 
throughout South Africa. The initial summer rains provide adequate moisture which allows the 
early planted crop to germinate. However, early rains are usually followed by isolated showers of 
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low intensity, or dry spells (Van Averbeke and Marais, 1991). Seedling mortality is high in the 
drought prone areas, primarily due to low soil moisture and high temperatures during crop 
establishment. If subsequent rains are late, drought delays crop developmental processes and 
severely decreases crop stands. Lack of financial resources by the majority of communal farmers 
means they cannot replant after the dry spells, resulting in further yield reductions. Since crop 
establishment is a critical stage in the crop’s life cycle, one approach to mitigate the detrimental 
effects of drought at the early stage is to select genotypes for seedling drought tolerance under 
managed conditions. According to Chapman and Edmeades (1999), this is an effective way of 
screening maize for tolerance to drought stress.  
 
Normal maize lacks in essential amino acids such as lysine and tryptophan, which are vital in the 
synthesis of proteins by the body (Vivek et al., 2008). The daily food requirements outlined by 
the World Health Organisation (WHO) suggest that adults should consume 0.66 g protein per 
kilogram body weight per day (kg Bw. d), while a young child should consume slightly more 
(Nuss and Tanumihardjo, 2011). Communal farmers in the EC rely on maize for their daily food 
throughout the year (Hendricks and Fraser, 2003). This high dependence on the crop results in 
malnutrition, leading to protein deficiency diseases such as Kwashiorkor (FAOSTAT, 2008) and 
other diseases which include pellagra (caused by lack of vitamin niacin), tuberculosis and 
gastroenteritis. Pregnant women, young children and the sick are mostly predisposed to these 
malnutrition diseases (Nuss and Tanumihardjo, 2011). For this reason, cultivars with an 
improved amino acid profile are required, especially in areas where maize is consumed regularly 
as the chief source of energy. 
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The risk of protein malnutrition can be greatly reduced by use of quality protein maize (QPM). 
This refers to maize with 30-80% more lysine and tryptophan in the whole grain when compared 
to normal maize (Vasal, 2001). In South Africa, QPM hybrid cultivars were introduced and 
promoted as early as the 1980s (Gevers, 1993). However, their cultivation has not been 
widespread. In order to improve current QPM production in the EC, cultivars that are adapted to 
the diverse agro-ecologies of the province need to be developed.  
 
The initial step in a breeding programme involves characterisation of available germplasm. 
Characterisation provides baseline information on the germplasm with regards to morphological 
and agronomic traits (Ngwadla, 2002). It is necessary to conduct morphological characterisation 
in the field as it will reveal the potential adaptability of these lines to the varied agro-ecologies of 
the EC and distinguish lines likely to give high heterosis for grain yield, among other traits. 
Morphological characterisation can help to simplify selection by plant breeders, enabling them to 
select plants that suit different farmer needs. When morphological characterisation is 
supplemented by molecular characterisation, it provides information that can be used to compare 
individual genotypes thereby facilitating germplasm improvement. Molecular markers are a 
quicker tool that precisely characterises germplasm (Collard et al., 2005), although random 
molecular classification do not normally correlate with classification based on morphological  or 
phenotypic markers. 
 
Genetic diversity studies produce estimates of genetic distances between genotypes, which show 
their relatedness, and thus indicate their potential value in breeding programmes (Hallauer and 
Miranda, 1988). The more parents are genetically distant, the better the performance of hybrids 
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developed when they are crossed (Troyer and Wellin, 2009). Low yielding hybrids have been 
shown to have inbred parents with some degree of relatedness. Troyer and Wellin (2009) 
revealed that there can be a decline in heterosis in extremely divergent inbred lines due to 
mutually exclusive adaptation patterns. A need arises, therefore, to investigate the genetic 
distances between QPM inbred lines in order to make effective selections.   
 
Combining ability studies can be done for a number of reasons. According to Hallauer and 
Miranda (1988), they provide information on the performance of parental populations, identify 
heterotic groups, and predict performance of progeny derived from crossing parental lines. 
Holland et al. (1996) similarly suggested the use of combining ability analyses to identify 
suitable maize inbred lines that combine well for improvement of grain yield and drought 
tolerance, while Pswarayi and Vivek (2008) recommended combining ability studies for 
purposes of selecting for high heterosis and adaptation to diverse agro-ecologies. Betran et al. 
(2003a) reported that the environment can differentially affect the combining ability of inbreds, 
thus altering the relationship between genetic distances and heterosis. This therefore necessitated 
investigation of the combining ability of QPM inbreds from CIMMYT, in order to predict their 
potential utility in South Africa. 
 
The overall objective was to assess potential adaptability of introduced QPM inbred lines, 
determine their genetic diversity and combining abilities for various traits under drought and 
non-drought stress. Information generated from these studies can be valuable to maize breeders. 
Quality Protein Maize cultivars combining high grain yield and drought tolerance could 
significantly reduce food insecurity and malnutrition in the EC. 
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The specific objectives of the study were to; 
i. assess the potential adaptation of QPM inbred lines and F1 progeny in the EC by 
evaluating them at UFH farm, 
ii. determine the genetic diversity of available QPM inbred lines using SSR markers, 
iii. screen available QPM inbred lines and F1 progeny for tolerance to seedling drought stress 
and 
iv. determine general and specific combining ability of QPM inbred lines for, tolerance to 
seedling drought stress, grain yield and endosperm modification.  
 
The null hypotheses that were tested were: 
i. Available QPM inbred lines and their F1 progeny do not differ in their adaptation to the 
different agro-ecologies of the EC.  
ii. Available QPM inbred lines are not genetically diverse.  
iii. There are no differences in the response of available QPM inbred lines and their F1 
progeny when exposed to drought stress. 
iv. The same gene action effect is operative in available QPM inbred lines and F1 progeny. 
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CHAPTER 2  
 
LITERATURE REVIEW 
 
2.1 Introduction 
 
Maize is a paramount staple crop in the context of the South African diets, and it plays a critical 
nutritional role in the daily lives of people. Continuous consumption of maize without 
supplements results in malnutrition, which is a major health challenge in the Eastern Cape (EC). 
Malnutrition results in high incidences of kwashiorkor and mortalities among young children in 
the EC (Faber and Wenhold, 2007). Young children are weaned off on porridge that is fed to 
them twice a day with no protein supplements (Nuss and Tanumihardjo, 2011). Stunting is the 
most prevalent form of malnutrition in South Africa. In the EC, a stunting rate of 31.5% is 
experienced among children between one and nine years of age (Klugman, 2001). The prevalence 
of malnutrition is highest in rural areas and informal settlements.  The malnutrition levels though 
variable, are significantly and consistently associated with the people’s employment status, 
incomes and expenditure on basic food. Statistics South Africa (2009) data indicated that the rate 
of unemployment was highest in the EC (49%), being higher than the national average of 37.28% 
as of 2006. Being resource poor, the marginalised communities are unable to supplement their 
maize based diets with other nutritious foods. 
 
The EC is predominately semi-arid. Semi-arid areas are characterised by high levels of solar 
radiation, evaporative demand, and incidence of drought. Prevailing, average summer 
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temperatures and rainfall in the EC are 24-30 ºC and 525 mm respectively (Van Averbeke and 
Marais, 1991). Climate change is predicted to cause an increase in the daily temperatures and a 
decrease in summer rainfall, hence necessitating the need to breed for drought tolerant cultivars. 
In parts of the EC, approximately 20% of the rain falls in light showers which contribute little or 
nothing to the soil moisture. Mid-season droughts are a common feature in the EC and often 
result in reduced yields. Four million tonnes of grain are lost annually in South Africa due to 
drought stress (Durand, 2006). Consequently, 39% of the South African population is at risk of 
food insecurity, the most vulnerable population being in the EC. 
 
Long term rainfall data for the EC indicates that, there are more chances of receiving less than the 
mean rainfall, than of receiving the average rainfall or more (Austin, 1989) implying, more 
drought years than wet years.  As such, the most distinguishable problem in the EC is recurring 
droughts. Climate change is expected to increase the frequency of droughts in the EC (De Wit & 
Stankiewicz, 2006), and rainfall is expected to be reduced by 5-10%, while temperatures are 
expected to increase by 1-3ºC by 2050 (Kiker, 2000). In the past two decades, two severe 
droughts have occurred in South Africa. Maize yields were reduced by between 60% and 80% in 
1983 and 1992, respectively, due to drought (USDA report, 2007). The large losses were due to 
poor drought tolerance of the available cultivars.  Maize is still increasingly being cultivated in 
areas prone to drought. The development of maize cultivars that are tolerant to drought could 
contribute to enhanced maize production in drought prone environments and improve the 
livelihoods of people in the EC. Introduction of drought tolerant QPM cultivars could assist in 
mitigating the problem of hunger, food insecurity and also help to alleviate malnutrition.  
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2.2 History of Quality Protein Maize  
 
Quality protein maize is a product of more than 30 years of conventional research. Quality protein 
maize  contains nearly twice the amount of essential amino acids, lysine and tryptophan, when 
compared to normal maize. The mutant allele responsible for the high levels of these two amino 
acids in QPM was discovered as early as the 1960s by scientists at Purdue University. During this 
time, several mutants conferring higher lysine and tryptophan were identified. However, only the 
opaque-2 (o2) was appropriate for genetic manipulation. Research revealed that maize containing 
the homozygous recessive alleles (o2o2) had higher levels of lysine and tryptophan than either the 
homozygous dominant (O2O2) alleles or heterozygous dominant (O2o2) (Vivek et al., 2008). 
 
Although the presence of the o2 mutant allele increased lysine and tryptophan levels in the grain, 
there were negative traits associated with it. These included, reduced grain yield due to a 15-20% 
reduced kernel weight, low kernel density, a soft chalky kernel phenotype which was susceptible 
to breakage, pests and diseases (Bjarnason and Vasal, 1992). The soft endosperm did not satisfy 
the farmers who were accustomed to hard endosperms. The above reasons were the cause for low 
adoption of opaque-2 maize in many countries. Even after its improvement for grain hardiness, 
some farmers still have the same perception of QPM because of the weaknesses observed when it 
was first introduced. 
 
Breeding programmes were initiated in 1970 at the International Maize and Wheat Improvement 
Centre (CIMMYT), in Mexico, to improve the soft and floury endosperm to harder types through 
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genetic modifiers. Endosperm modifier genes restored the desired hard endosperm from maize 
that contained the recessive o2 allele.  Gamma zeins, which were found in the maize endosperm, 
were essential for modifying the endosperm of QPM to hard types (Vasal, 2001). Grain hardness 
was a key agronomic trait since it provided tolerance to some pests and diseases before and after 
harvesting, and also provided resistance to damage during harvesting. Maize recessive for the o2 
mutant allele contained 55% more tryptophan and 30% more lysine in the grain than normal 
maize (Prassana et al., 2001). The agronomically acceptable and nutritionally enhanced maize 
came to be known as quality protein maize. 
 
2.2.1 Status of Quality Protein Maize Production in South Africa 
 
In South Africa, QPM research began in the 1980s (Gevers, 1992, 1993). Several QPM hybrids 
have been developed for human and animal consumption in the past few decades. There are 23 
hybrids (10 white and 13 yellow) and three open pollinated varieties (1 white and 2 yellow) on 
the South African national variety list (DAFF, 2012). Examples of white grained hybrid maize 
cultivars that are on the national variety list include QS 7701, QS 7715 and QS 7761, while QS 
7602, QS 7614 and QS 7646 are some of the yellow grained hybrid cultivars. Examples of open 
pollinated cultivars (OPVs) include, Obatanpa, QS- King and Qsoba. However, QPM has not yet 
made its way into the maize industry in South Africa. This is due to a number of restrictions, such 
as limited quantities of QPM being produced, and the visual similarity of QPM and normal maize, 
making it difficult to distinguish the two (Van der Merwe, 1995). Quality protein maize can only 
be differentiated from the latter by testing for either endosperm modification under the light table 
or tryptophan content (Vivek et al., 2008). As of 2000, approximately, 50 000 hectares of QPM 
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were grown in South Africa (CIMMYT, 2000), compared to 3.1 million hectares of normal 
maize. 
 
2.2.2 Nutritional value and benefits of QPM 
 
Maize is a rich source of energy; 100g of maize grain contains 1690 kilojoules (KJ) of energy, 83 
g carbohydrates, 4.9 g lipid and 10.5 g protein (Nuss and Tanumihardjo, 2011). Quality protein 
maize has a biological value of protein of 80% that of milk, which is 90%, while that of non-
QPM is 45% (Bressani, 1992). The biological value represents, the amount of absorbed nitrogen 
needed to provide the necessary amino acids for different metabolic functions (Prassana, 2001). 
Approximately 50-60% of the soluble proteins found in the endosperm of normal maize are zein 
proteins. Zein proteins, particularly the alpha zeins, are poor in lysine and tryptophan and contain 
lysine levels of, 0.1 g/100 g in normal maize (Gibbon and Larkins, 2005).  
 
The presence of the o2 allele in a homozygous state results in a decrease in the production of alpha 
zein protein enzymes that are responsible for degrading free lysine. In turn, there is a 
corresponding increase in non-zein proteins such as glutelins. Glutelins confer higher lysine and 
tryptophan levels (Gibbon and Larkins, 2005) and contain 2 g/100 g or more of lysine. This is 
more than twice the amount found in the zein proteins of normal maize. Tryptophan levels are 
highly correlated with those of lysine, with lysine values being four times those of tryptophan 
(Vivek et al., 2008). An analysis can therefore be done for either lysine or tryptophan, although 
the latter is mostly analysed due to its lower laboratory costs.  
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The increased protein quality of QPM has enormous nutritional benefits for humans and 
livestock. Bressani (1991) and Akuomoa-Boateng (2002) reported that through increased protein 
absorption and retention, malnourished children recover quickly when fed QPM than normal 
maize. Human nutrition studies (Akuomoa-Boateng, 2002) confirmed that infant children who 
were fed with QPM had fewer sick days than children fed with normal maize. This demonstrates 
the value of QPM in feeding poorly nourished children, especially in communities where people 
cannot afford legumes, or other animal protein sources. Approximately 24 g per body weight is 
required for nitrogen equilibrium for normal maize, while 8 g is required for QPM (Bressani, 
1992). Nitrogen equilibrium is a measure of nitrogen output from input. A positive balance means 
that nitrogen intake by the body is greater than nitrogen loss. On the other hand, a negative value 
indicates that the amount of nitrogen excreted by the body is more than ingested. A negative 
nitrogen balance can be a means of evaluating malnutrition. Comparisons between QPM and 
normal maize revealed that approximately 100 g QPM needs to be consumed by children to 
maintain the recommended daily protein requirements while approximately 500 g is required for 
adults (Nuss and Tanumihardjo, 2011).  
 
In addition, QPM has other nutritional advantages over normal maize, such as higher 
concentration of niacin (B3) due to higher tryptophan levels and better absorption of potassium 
and carotene by the body (Prasanna et al., 2001). It is also rich in iron and zinc (Agrawal & 
Gupta, 2010). Further advantages of QPM were realised in livestock feeding studies (Van der 
Merwe, 1995; Krivanek et al., 2007). Vivek et al. (2008) reported that pigs fed on a QPM diet for 
60 days gained 18 kgs more live weight compared to those fed on normal maize. This implies that 
QPM can reduce the cost of purchasing protein supplements (soybean meal and fish meal) given 
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to non-ruminants, and can be used as an ingredient in conventional and new animal feeds as it 
provides a well balanced feed (Van der Merwe, 1995; Vasal, 2001). 
 
2.3 Breeding of QPM cultivars 
 
The development of QPM cultivars involves manipulation of three genetic systems. The first 
system involves the recessive homozygous allele of the o2 gene, while the second genetic system 
involves endosperm modifiers that are responsible for kernel hardness. The third genetic system 
involves amino acid modifiers, which affect the level of lysine and tryptophan content in the 
endosperm. The second and third genetic systems need to be constantly monitored since they are 
subject to change. It has been observed that lysine and tryptophan levels need to be continuously 
checked because the protein quality maybe lost due to abiotic stresses during the breeding 
process, even if the o2o2 genotype is maintained (Ngaboyisonga et al., 2009).  
 
There are two possible approaches to QPM breeding, the conventional approach and molecular 
approach (Vivek et al, 2008). During QPM conventional breeding, a non-QPM can be converted 
to QPM through repeated backcrossing. The principle is that, the F1 hybrid and subsequent 
generations are crossed recurrently to the recurrent  parent, the other parent’s genetic contribution 
to progeny will be halved in each generation and will ultimately become very small (Sleper and 
Poehlman, 2006). The objective of the backcross method is to incorporate the opaque-2 gene in a 
well adapted high yielding variety.  Beginning in the F1 and continuing for several generations 
hybrid plants containing the o2 gene are selected and crossed to back to the recurrent parent. The 
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recurrent parent enters into each backcross while the donor parent with the o2  gene enters into the 
initial cross only. Alternatively, a QPM genotype can be crossed with another QPM line using the 
pedigree method. In the pedigree breeding procedure, selection is for plants with the desired 
combination of characters. Superior single QPM plants are selected in successive generations and 
a record is maintained of the parent progeny relationship. Selection begins in the second filial 
generation and continues in succeeding generations until genetic purity is achieved. Selections are 
most frequently based on visual evaluations of high heritability traits but laboratory evaluations 
can be incorporated. The pedigree method is particularly useful for development of inbred lines 
and for avoiding selection of closely related individuals whose agronomic value is similar (Sleper 
and Poehlman, 2006). 
  
A common approach is to have a population improvement programme. Inbred lines can be 
extracted from the population through continuous selfing. The inbred can be used to produce 
hybrids or synthetic cultivars. Inbreds used to produce such cultivars have to be tested to ensure 
that they have good general combining ability (GCA), and sometimes specific combining ability 
(SCA). Superior populations can be released as OPVs after sufficient evaluation for adaptation 
and other desired traits. In the breeding process, inbred lines can be developed but more so, 
hybrids, synthetics and OPVs can be generated from intercrossing inbred lines or hybrids known 
to combine well. Synthetics offer yields similar to those of OPVs and seed harvested from both 
cultivars can be sown the following season without a yield penalty or losing desirable qualities. 
Hybrids on the other hand, are high yielding but new seed needs to be purchased each season.  
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Identification of QPM germplasm can be done by screening the maize kernels for endosperm 
modification on a light table or using molecular markers. For instance, the phi 112 is a dominant 
marker and identifies O2O2 and O2o2 genotypes, assuming then that the rest are of the desired 
type, o2o2. The other two markers are co-dominant meaning they can identify all three genotypes. 
Examples of simple sequence repeat (SSR) primers that can identify QPM genotypes are phi 057, 
phi 112 and umc 1066. More details about the light table selection are presented in Chapter 5 of 
this dissertation. 
 
2.3.1 Selection for endosperm modification and tryptophan content  
 
Light table selection is used to choose the desired level of opaqueness in QPM kernels. The level 
of opaqueness is scored on a scale of 1 to 5. A score of one indicates that the kernels are not 
opaque, while scores two, three, four and five represent 25%, 50%, 75% and 100% opaqueness 
respectively (Krivanek et al., 2007; Vivek et al., 2008). Kernels with soft endosperms have the 
opaque-2 gene in the homozygous recessive (o2o2) state and show complete opaqueness, and are 
designated by a score of 5. Kernels that posses the opaque-2 gene in the homozygous dominant 
(O2O2) or heterozygous (O2o2) state have genotypes with a hard endosperm and are translucent. 
The less opaque the kernels, the more endosperm modifiers are present. Kernels that are selected 
have a score of 3 in early generation testing. This is because in these kernels, the presence of the 
opaque-2 gene is guaranteed and implies that there is good modification for higher lysine and 
tryptophan and a hard endosperm (Vivek et al., 2008).  Molecular markers that are tightly linked 
to the opaque-2 gene have been identified. Several SSR primer pairs have been made available 
including some common QPM primers that can detect the opaque-2 gene (Bantte and Prassana, 
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2003; Warburton et al., 2008). Tryptophan determination can be done using various analytical 
methods. However, the colorimetric method developed by Opienska- Blauth et al. (1963) has 
been effectively used by CIMMYT due to its simplicity and reproducibility.  
 
2.4 Resistance to drought  
 
Drought is one of the environmental factors that limit maize productivity. Three types of drought 
exist, meteorological drought, hydrological drought and agricultural drought. Meteorological 
drought is defined as an interval of time, generally in the order of months or years during which 
the actual moisture supply at a given place consistently falls below the climatically appropriate 
moisture supply (Passioura, 1996). On the other hand hydrological drought refers to deficiencies 
in surface and subsurface water supplies. Blum (1996) defined agricultural drought as the relative 
ability to maintain plant function under a dehydrated state. The effect of drought on maize has 
been extensively studied, and plants are affected at various levels of their growth (Edmeades et 
al., 2006). Maize has been shown to be very sensitive to drought during seedling establishment 
and flowering. A deficiency of water during early stages of crop growth was shown to result in 
low grain yields. Drought is a polygenic trait, that is, its expression is controlled by several genes. 
As a result, genotypes vary in their ability to tolerate drought stress (Ribaut et al., 2006). Plants 
are able to resist drought due to expression of different mechanisms. 
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2.4.1 Mechanisms of drought resistance 
 
According to Blum (1996), drought resistance mechanisms include drought escape, drought 
avoidance and drought tolerance. Drought escape is a mechanism by which plants grow and 
complete their life cycle before severe drought occurs (Ribaut et al., 2006). Drought escape also 
involves developmental plasticity, which is the ability of plants to stop growth during water 
deficit.  A cultural practice that can be used to escape drought stress is the use of early maturing 
cultivars. As reported by Edmeades et al. (1999), the benefits of early maturing cultivars are only 
realised when water deficit is severe. However, yields will be less when there is adequate water 
since yield is highly correlated with maturity dates (Edmeades et al., 1999). 
 
Cultivars that can escape drought stress still experience yield losses during water deficits. Under 
such conditions, drought avoidance mechanisms will be required to survive drought (Blum, 
2005). Drought avoidance is a mechanism by which plants are able to maintain high tissue water 
potential despite soil water deficit. This is achieved through xeromorphic characters such as leaf 
rolling, stomatal closure and leaf senescence (Chaves et al., 2003). 
 
The third mechanism through which plants cope with drought is drought tolerance. It is defined 
as the ability of plants to withstand water deficits and maintain physiological processes although 
low tissue water potential develops. Drought tolerance at the cellular level is achieved by 
accumulation of solutes (osmotic adjustment), an increase in cellular elasticity and a decrease in 
cell size. Solutes that accumulate and are synthesized as a result of water deficit include amino 
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acids, organic acids and sugars (Blum, 2005). Blum (2005) reported that genetic variations in 
osmotic adjustments exist among cultivars which determine their ability to tolerate drought. 
 
2.4.2 Effect of drought stress at different stages of maize growth 
 
The probability of drought in the Eastern Cape is highest at the start and towards the end of the 
growing season (Van Averbeke and Marais, 1991). For the maize crop, this time coincides with 
early establishment or flowering (Banziger et al., 2000). CIMMYT, in collaboration with several 
institutions, have developed drought tolerant maize cultivars. However, these cultivars were 
screened for tolerance to drought during vegetative growth and flowering, such that potential 
exists to further extend drought tolerance to early growth stages. According to Edmeades et al. 
(1999), drought stress at seedling stage can potentially cause severe yield losses, even total crop 
failure. It is estimated form research (Edmeades et al., 1999) that yield losses due to seedling 
drought stress are as high as those experienced during the flowering period in Southern Africa.  
 
Drought tolerance at seedling stage has been reported to exist, though it has not always been 
correlated with drought tolerance at later stages of growth (Mussel and Staples, 1979; Chapman 
and Edmeades et al., 1999). The final crop stand depends on seedling characteristics and vigour, 
which necessitates assessment for drought tolerance at this stage. The effects of drought at 
seedling stage include limited cell expansion resulting in a reduced leaf area, increased root 
growth, which results in increases in the ratio of root dry weight to shoot dry weight (RDW: 
SDW) (Zaidi et al., 2007).  If the young seedlings can be less sensitive to early drought stress 
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they can survive and take advantage of the rains that come later in the season.  Significant genetic 
variation has been shown to exist for seedling drought stress (Aslam et al., 2006; Grzesiak et al., 
2007; Ali et al., 2011). 
 
Drought at later growth stages results in stunted maize, tassel blast, silking delay, increased 
anthesis -silking interval  and finally, desiccation (Blum, 1996). An increased ASI due to poor 
tolerance to drought is a common cause of reduced maize yields (Edmeades, 2008). Research on 
QPM germplasm has shown that under water limited conditions, cultivars can lose their kernel 
hardness and develop soft endosperms. In addition, the quality of protein in the grain decreases, 
although the o2o2 genotype maybe maintained. Ngaboyisonga et al. (2008) reported that, drought 
suppressed and inactivated completely several inter allelic interactions and hence reduced 
additive effects for protein concentration in QPM. Additionally, drought suppressed maternal 
effects and hence reduced additive effects as well (Ngaboyisonga et al., 2008). On the contrary, 
other stability reports on QPM germplasm have indicated that the quality of protein is unaffected 
under drought stress conditions (Vivek et al., 2008). 
 
2.4.3 Screening for tolerance to seedling drought stress  
 
Plant breeders are continuously seeking new traits and breeding methods to improve drought 
tolerance (Ribaut et al., 2006). This is because there are several difficulties in directly selecting 
for grain yield under drought stress, since grain yield is a polygenically controlled complex 
character. Breeders therefore have been using less complex traits called secondary traits as 
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selection criteria (Bruce et al., 2002). A suitable secondary trait is genetically associated with 
grain yield under drought, is highly heritable, stable, easy to measure, and is also not associated 
with yield loss under ideal growing conditions (Banziger et al., 2000).  
 
Several morphological and physiological traits can be used as selection indices for drought 
tolerance in maize (Lafitte et al., 2004). Identification and measurement of secondary traits 
associated with grain yield provides a guide to specific mechanisms that contribute to grain yield 
under drought stress. Thus, water depletion patterns, leaf rolling and canopy temperature are 
indicative of water extraction capacity, while chlorophyll concentration is a measure of the 
functional stay green character (Bazinger et al., 2001). While some secondary traits are 
associated with specific development stages such as vegetative or flowering, others such as 
photosynthetic rate are indicative of plant growth throughout the life cycle of the crop. 
 
2.4.4 Secondary traits associated with maize yield under drought stress 
 
2.4.4.1 Root traits 
 
Root traits are important for improving maize growth under drought stress. Significant genetic 
varietal differences in root growth and development under drought and optimum conditions have 
been observed among maize seedlings (Camacho and Caraballo, 1994; Hund et al., 2009). Root 
length could be used as a selection criterion for improved drought tolerance in maize seedlings. 
Maize plants with more roots (higher dry and fresh weight) at seedling stage subsequently 
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develop stronger root systems, produce more green matter and have higher values for most 
characters determining yield (Blum, 1998).   
 
2.4.4.2 Leaf rolling 
 
Leaf rolling is a common response to drought in maize (Banziger et al., 2000; Edmeades, 2008). 
Many maize genotypes can reduce the amount of radiation that they intercept by rolling their 
leaves when exposed to drought. Leaf rolling is both a dehydration avoidance and protective 
mechanism. The reduction of radiation interception due to changes in leaf orientation is 
significant as it allows the radiation load on the canopy to be reduced. Firstly, the damage caused 
by increased leaf temperature resulting from high levels of solar radiation incident on the leaf 
surfaces is minimized by reducing the effective leaf area presented to the sun’s rays (Kadioglu 
and Terzi, 2007). This results in less radiation being intercepted by the leaf. Secondly, through 
leaf rolling, the transpiration rate can be reduced through the creation of a microclimate that has 
both high humidity and boundary layer resistance near the leaf surfaces, thereby conserving the 
scarce water resources (Kadioglu and Terzi, 2007).   
 
The degree of leaf rolling is calculated as the percentage reduction in leaf width resulting from 
rolling. The degree of rolling may be closely linked to the water potential. For instance, in maize, 
it was found that leaf rolling scores were linearly correlated with leaf water potential (O’Toole 
and Cruz, 1980). Rolling which increases drought avoidance in maize is an adaptive trait and 
controls plant water metabolism by relieving water stress.  
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2.4.4.3 Leaf senescence 
 
When plants are exposed to drought, the leaves begin to lose proteins and chlorophyll. 
Gradually, the leaves dry. Drying starts from the tip and edges of the leaf until eventual death of 
leaf tissue occurs (Blum, 2005). Under drought stress, breeders select for delayed leaf 
senescence, a trait that has moderate heritability (Banziger, 2000). Delayed leaf senescence, also 
known as the stay green trait, is essentially the capacity of a plant to postpone or prevent leaf 
senescence during pre-anthesis or post anthesis drought stress. However, some evidence suggests 
that maize leaves exhibiting the stay green trait may not always remain metabolically active 
under drought stress (Li et al., 2006). Leaf senescence is measured by scoring plant leaves on a 
scale from 1 to 10 and multiplying the score by 10 as illustrated by Banziger et al. (2000). 
 
2.4.4.4 Canopy temperature 
 
Canopy temperature (CT) refers to the temperature of plant canopies and indicates the ability of 
transpiration to cool the leaves under a demanding environmental load such as drought stress 
(Blum, 2005). Canopy temperature can be measured using an infrared thermometry, which is a 
quick and relatively accurate means of detecting differences in water transpired by the crop. 
Since the major role of transpiration is to cool the leaf, reduction of CT, relative to ambient air 
temperature, is an indication of how capable transpiration is in cooling the leaves during drought 
stress. 
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 When selecting for drought tolerance, the interest is in finding genotypes that maintain lower CT 
compared to other genotypes under the same drought conditions. Relatively lower CT in drought 
stressed crop plants indicates a relatively better capacity for taking up soil moisture and for 
maintaining better plant water status (Zharfa et al., 2010). This capacity, as expressed in 
relatively lower CTs, has been shown to be positively correlated with final yield under drought 
and heat stress (Zaidi et al., 2007). Canopy temperature is also affected by the relative amount of 
desiccated and dead leaves in the canopy, and thus it was found to be positively correlated with 
‘leaf death scores’ (Araus et al., 2008).  
 
2.4.5 Drought tolerance indices 
 
The response of a plant to drought stress depends on the genotype, level and duration of drought, 
plant age and soil characteristics. Genotypes evaluated under drought and non- drought stress can 
be ranked according to their drought tolerance using different indices. This facilitates 
identification of the best performing drought tolerant genotypes. Rosielle and Hamblin, (1981) 
proposed use of the stress tolerance index (TOL) for evaluating the differences in yield under 
stress and optimum environments. Fernandez (1992) suggested the use of a stress tolerance index 
(STI), which can be used to identify genotypes that produce high yield under drought and non-
drought stress. Another yield based estimate of drought tolerance is use of the geometric mean 
(GM) (Schneider et al., 1997). Fischer and Maurer, (1978) proposed the use of a drought 
susceptibility index (DSI) for each genotype. Drought susceptibility index has been used by 
several researchers to identify drought tolerant genotypes in different crops (Grezsiak et al., 
2007; Anwar et al., 2011; Grezsiak et al., 2012).  
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Genotypes can be evaluated across locations and time using DSI index since the drought 
intensity is calculated for every experiment. Caution in using this index has been  advised as 
certain genotypes with the lowest DSI rankings have also shown the lowest overall yield 
potential (Singh, 1995). Small yield differences between the stress and non-stress treatments 
produce low DSI values, even though the potential yield of the genotype is low. The general 
trend is that, low DSI values < 1, imply greater drought tolerance of a given genotype while DSI 
values > 1 mean that the genotype is susceptible (Kilic and Yagbasanlar, 2010).  
 
2.5 Characterisation of germplasm  
 
Characterisation involves evaluation of quantitative and qualitative attributes of given genotypes 
in order to differentiate them and determine their usefulness, structure, genetic variability and 
relationships among them. This can be achieved by using morpho-agronomic, protein and 
molecular markers. In characterisation using morpho-agronomic markers, descriptors are used. 
Descriptors are characters that are important and useful in describing the germplasm. The 
descriptor can be a code, numerical value, a scale or descriptive quality (IBPGR, 1991). 
Characterisation for morpho-agronomic traits involves visually identifying variability and 
consists of recording those characters which include plant morphology and structure and 
characters that affect the plant agronomic management and production (IBPGR, 1991). 
Eventually, germplasm with potential for production is included in a breeding programme. 
Molecular characterisation involves identification of variability at the deoxyribonucleic acid 
(DNA) level, and numerous techniques have been devised to achieve this (Collard et al., 2005). 
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This review will focus on the morpho-agronomic and molecular markers. Other markers that are 
available are protein markers which are based on analysis using isozymes (Collard et al., 2005). 
While protein markers have several advantages over DNA markers, the latter were preferred due 
to their higher sensitivity.  
 
2.5.1 Morpho-agronomic characterisation 
 
Morpho-agronomic characters include morphological and agronomic characters which can be 
qualitative or quantitative. Ideal characters are highly heritable but may be affected by the 
environment. However, the environment can be used to estimate adaptation possibilities of 
germplasm for breeding purposes. The reasons for characterisation can be outlined as follows; to 
identify desirable traits such as pest or disease resistance, tolerance to heat, drought or acidity; to 
identify adaptation zones; to distinguish the adaptability and stability of a diverse number of 
genotypes and to better understand and use the relationships among genotypes for crop 
improvement. Morpho-agronomic characterisation can be supplemented by molecular 
characterisation and thus provides information which can be used in comparison of individuals, 
facilitating the improvement of germplasm. A study by Ndjiondjop et al. (2010), used the above 
approach to characterise rice (Oryza glaberrima). Thirty seven simple sequence repeat markers 
were used and were shown to be polymorphic. Several authors have used the same approach to 
characterise crops, examples include, maize (Yadav et al., 2010), wheat (Barakat et al., 2013) 
and sorghum, (Bucheyeki et al., 2010). 
 
25 
 
2.5.2 Molecular characterisation 
 
Molecular markers are a tool that can be used to make effective evaluations and selection of 
desired genotypes (Warburton et al., 2002; Collard et al., 2005). They are the most widely used 
type of marker due to their abundance. Several types of molecular markers are available such as 
RFLPs, RAPDs, SSRs, and AFLPs. This section will briefly review these molecular markers. 
 
Deoxyribonucleic acid (DNA) markers are types of molecular markers and can be divided into 
three groups depending on their method of detection. Detection can be by nucleic acid, 
hybridization or polymerase chain reaction (PCR). The advantage of DNA markers is that they 
are abundant, segregate as single genes and are not affected by the environment or the 
developmental stage of the plant. This enables genotypes to be selected at the seedling stage 
(Collard et al., 2005). In addition, DNA markers offer significant advantages such as time 
saving, since field trials are at times substituted with molecular tests.  
 
Molecular markers that can differentiate individuals of the same species are called polymorphic 
markers. Polymorphic markers can either be dominant or co- dominant, depending on whether 
they can discriminate between homozygous and heterozygous genotypes. Co-dominant and 
dominant markers indicate differences in allele size and the presence or absence of alleles. Co-
dominant markers are more appropriate for diversity studies because they can distinguish the 
genetic pattern of homozygotes from that of heterozygotes making them more informative. 
Although it is expensive to initially develop the SSR markers, they are widely applied in maize 
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breeding (Powell et al., 1996; George et al., 2004). Other molecular markers that have been used 
in maize breeding are reviewed below. 
 
Amplified fragment length polymorphisms (AFLPs) have several applications which include 
genetic diversity assessment, genetic distances, genetic fingerprinting, analysis of germplasm 
collection and genome mapping. AFLPs are fragments of DNA that have been amplified using 
directed primers from restriction digested genomic DNA. AFLPs are able to detect high levels of 
polymorphism and they have a high repeatability. These markers have a high diversity index 
which results in a limited number of primer combinations required to screen a whole genome, a 
large number of bands are generated, and each marker gives a highly informative fingerprint. 
The AFLPs are extremely useful in genetic maps and transcript profiling. The major advantage 
of AFLPs is the large number of polymorphisms that the method generates. Its ability to 
differentiate individuals in a population makes it useful for genetic diversity assessment and 
plant variety registration. Disadvantages of AFLPs are: i) they generate huge quantities of 
information which may need automated analysis and therefore require computer technology, 
therefore making AFLPs technically demanding in the laboratory and especially in data analysis, 
ii) these markers mainly display dominance and during genetic mapping they often cluster at the 
centromeres and telomeres. 
 
Randomly amplified polymorphic DNA (RAPDs) are molecular based markers on the 
differential polymerase chain reaction (PCR) amplification of a sample of DNAs from short 
oligonucleotide sequences. These too have several advantages such as their ease of use, high 
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numbers of fragments generated, arbitrary primers are easily purchased with no need for initial 
genetic or genomic information, tiny quantities of the target DNA are required and the unit costs 
per assay is low. RAPDs also pose problems such as, they are only dominant markers, not 
reproducible, cannot be used across species and there is no probe or primer information. 
 
Restriction fragment length polymorphism (RFLP) is a technique that exploits variations in 
homologous DNA sequences. In RFLP analysis DNA is digested by restriction enzymes and the 
resulting restriction fragments are separated by their lengths by gel electrophoresis. RLFPs are 
co-dominant markers which are robust, reliable and transferable across populations. However, 
they are time consuming, laborious and expensive. In addition, large amounts of DNA are 
required, and they are generally not transferable and pose problems with reproducibility. There is 
also limited polymorphism especially in related lines. 
 
Simple sequence repeats are stretches of tandemly arranged short sequence motifs and are 
abundantly and highly polymorphic (Powell et al, 1996; Gupta et al, 2009). Simple sequence 
repeats are genetic markers that are highly discriminative and show associations between or 
among inbred lines including those related by pedigree. Pejic et al. (1998) reported that 20-30 
SSRs were sufficient to estimate genetic distances between 33 maize inbred lines with precision. 
Simple sequence repeats have been used in earlier studies to characterize QPM inbred lines and 
revealed genetic associations that are reflective of the pedigree of the inbreds (Senior et al., 
1996; Smith et al., 1997). SSRs are preferred in diversity studies  because they are PCR based, 
co-dominant and reveal the highest level of polymorphism per single marker locus, highly 
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productive, hyper variable, informative, easy to use, and locus specific (Collard et al., 2005).  
Although SSRs detect a single locus at a time, it is possible to multiplex several SSR in a single 
gel (Warburton et al., 2001) hence making SSRs more appropriate for diversity studies.  
 
2.6 Gene action 
 
Genes which are located on chromosomes represent basic units of inheritance and govern the 
development of various characters of a genotype. The functioning of a gene in determining the 
phenotype of an individual is called gene action (Sleper and Poehlman, 2006). Gene action refers 
to the behaviour of genes in genetic populations, and helps in planning an efficient and 
appropriate breeding procedure for the improvement of various quantitative characters. This 
assists breeders to know which parents to use in hybridization programmes. 
 
Gene action is measured in terms of components of genetic variance or combining ability effects. 
Genetic components can be divided into additive, dominance and epistasis (Falconer, 1989). 
Dominance and epistatic gene action are jointly referred to as non-additive gene action. Additive 
gene action refers to the action of genes affecting a genetic trait such that each parent positively 
or negatively enhances the expression of the trait. Non-additive gene action is observed when 
additive gene action cannot explain the variation. The levels of dominance in the progeny can 
range from partial to over dominance in relation to the mean of the parents (Sleper and 
Poehlman, 2006).  
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Polygenic characters are governed by both additive and non-additive types of gene action 
although additive is predominant in expression of characters. For instance, polygenic traits such 
as grain yield are influenced by genes and the environment. In stressed environments, genetic 
variance for grain yield is greatly reduced and additive effects become more dominant than non-
additive effects (Betran et al., 2003b). In addition, Hill et al. (1998) reported that the most 
efficient breeding procedure that will enable selection of superior genotypes depends on the 
magnitude of additive genetic variance of the trait of interest. On the other hand, oligogenic 
characters are governed by non-additive type of gene action. In a situation where SCA is more 
important for the trait, Scott et al. (2009) suggested that testing should be done for a larger 
number of hybrids to allow identification of combinations that are significantly better than 
others.  
 
If there is a preponderance of additive gene action, breeding procedures adopted are mass 
selection and progeny selection in self pollinated crops. However, when non-additive gene action 
is predominant, the breeding objective is towards the development of hybrids for commercial 
purposes. In a situation where both additive and non-additive effects have equal magnitudes, 
population improvement programmes are taken up for the development of superior lines with 
desirable genes (Singh and Prasad, 2002). 
 
2.6.1 Modifier genes 
Modifier genes are genes that modify the effect produced by another gene . In QPM the o2 allele 
is inherited in a recessive manner. The presence of this allele is responsible for obtaining high 
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lysine/tryptophan. The maize endosperm contains alpha-zein proteins in abundance which is 
poor in lysine and tryptophan (Gibbon and Larkins, 2005). The o2 allele in the homozygous state 
causes a decrease in the alpha zein proteins and an increase in non-zein proteins which contain 
higher levels of lysine and tryptophan. The presence of the o2 allele in its homozygous state does 
not ensure high lysine and tryptophan. The presence of another set of genes that enhances these 
amino acids is required. The o2 allele and the amino acid modifiers are insufficient to develop 
maize high in lysine and tryptophan. Pleiotropic effects of the o2 allele make the maize 
endosperm soft, minor modifying loci that convert the mutant endosperm of the soft phenotype 
to hard phenotype similar to maize (Vivek et al., 2008). 
 
2.6.2 Combining ability 
   
Combining abilities can be divided into general and specific. According to Hallauer and Miranda 
(1988), general combining ability (GCA) is defined as the average performance of a line in 
hybrid combinations, while specific combining ability is defined as those instances when certain 
hybrid combinations are either better or poorer than expected on the basis of the average 
performance of their parents. Combining ability helps in determining the type of gene action in 
the expression of a trait. General combining ability has several functions. It enables breeders to 
exploit the existing variability in breeding materials, to identify individual genotypes conferring 
desirable attributes and to distinguish relatedness among genotypes (Vacaro et al., 2002). Where 
GCA effects are predominant, additive gene effects will be responsible for controlling the trait. 
On the other hand, SCA effects are associated with non-additive gene effects. Additive gene 
effects tend to have higher heritability values than traits controlled by non-additive gene effects. 
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Therefore, GCA is preferred for improving quantitative traits of a recipient line because fixation 
of additive genes can occur in consecutive backcross generations. GCA direction can either be 
positive or negative. 
 
Negative GCA effects have been shown to represent the presence of earliness for characters such 
as flowering and maturity. Combining ability analysis based on progeny test is a useful method 
for evaluating parents and crosses for a wide range of quantitative characters. As an example, 
parents with the greatest negative GCA for drought tolerance are potentially drought tolerant 
whilst those with the highest positive GCA effects are more susceptible to drought (Betran et al., 
2003b). It has been observed that most of the crosses with one or more tolerant parents produced 
a tolerant hybrid (Derera et al., 2008). In stressed environments genetic variance is reduced and 
additive effects become more important than non-additive effects (Betran et al., 2003b; Mhike et 
al., 2011).  
 
Specific combining ability is not affected by the performance of the parental inbred lines. SCA 
includes a total non-additive gene action including variance arising largely from dominance and 
epistatic deviations and may not be transmitted from parents to offspring. Therefore, SCA can be 
used to select good hybrids. Positive SCA effects indicate that lines are in opposite heterotic 
groups, negative SCA effects indicate that lines are in the same heterotic group, although 
variation exists (Pswarayi & Vivek, 2008). 
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Musila et al. (2010) found significant variation among early maturing QPM hybrids for grain and 
other agronomic traits. Such variation has also been reported by Vasal et al. (1993a, 1993b) and 
Bhatanagar, (2004) under well watered and drought conditions. However, Musila et al. (2010) 
reported that early maturing QPM hybrids are not widely available thereby necessitating a 
breeding programme to develop such. In a study by Cordova et al. (2003) the authors highlighted 
the need to make available high potential QPM germplasm from public and private organizations 
in developing countries for the future of QPM maize hybrid development efforts. However, 
information on combining ability for future releases and on yield stability of single crosses is 
required. 
2.7 Genetic diversity  
 
Genetic diversity is the probability that two randomly chosen alleles are different in a sample 
(Hallauer et al., 2010). Genetic diversity can be determined by measuring the genetic distances 
among a number of genotypes. The distances reflect the actual level of genetic difference 
existing among the genotypes. In order to identify heterotic patterns, genetic distance has been 
used as a tool to group similar germplasm (Lee and Ash, 2007). For example, heterotic effects of 
F1 populations have been reported to be correlated to the genetic distance of the parental inbred 
lines. However, genetically dissimilar lines may produce poor hybrids in the presence of epitasis 
and linkage (Troyer and Wellin, 2009). 
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2.8 Mating designs 
 
A mating design is a procedure for producing progenies. Various mating designs are used to 
estimate genetic variance in maize. These include the biparental crossing scheme, diallel and 
North Carolina I, II and III mating designs. Some of the above mentioned mating designs are used 
more than others and each has its own advantages and disadvantages. The following assumptions 
apply for the different mating designs; (i) there is a random choice of parents for crossing, (ii) 
parents are randomly distributed, (iii) no maternal effects, (iv) normal Mendelian diploid 
inheritance, (v) no multiple alleles, (vi) there is linkage equilibrium in the population sampled and 
(vii) there is no epistasis (Hallauer and Miranda, 1988). 
 
A biparental mating scheme is the simplest design. Randomly selected pairs of plants are crossed 
and the genetic variation is determined by evaluating the crosses in replicated trials. This type of 
mating design will provide information needed to determine if genetic variation is present. 
However, there is no information available regarding the type of gene action. Due to the limited 
information provided, this design may not be suitable for a long term breeding programmes 
(Hallauer and Miranda, 1988). 
 
The diallel mating design has been used extensively in studying the genetic components of 
germplasm. A diallel mating design involves making all possible crosses among a group of 
parents. There are four types of diallel mating designs, which are determined by whether the 
design evaluates crosses, parents and /or reciprocals. The first diallel is the complete/full diallel. 
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In this design the variances due to crosses, parents and reciprocal effects are evaluated. In the 
second type, called the half-diallel, only the crosses are evaluated. The third type of diallel 
evaluates the crosses and the reciprocal effects but without the parental effects. In the fourth 
diallel type, the variances for the crosses and parents are estimated without including the 
reciprocal effects. Variation due to the crosses is then partitioned into general combining ability 
and specific combining ability (Hallauer and Miranda, 1988). 
  
Three types of North Carolina designs were proposed by Comstock and Robinson in 1952 (Hill 
et al., 1998). These are a form of bi-parental mating design. With the North Carolina designs, the 
larger the size or number of lines, the greater is the precision of genetic estimates obtained from 
the data. The first North Carolina design I (NCD I) is a polyandrous mating design where one 
male is crossed with a different subset of female parents.  Thus females are nested within males. 
The families produced have either both parents in common or have only one parent in common. 
It allows evaluation of a large number of plants from the population and progeny families 
include full-sibs and half-sibs (Hill et al., 1998). This is a low cost controlled mating design. It is 
however, not efficient for selection purposes because greater precision is only achieved by using 
a large number of sets. This design is commonly used in animal breeding where as a result of 
artificial insemination techniques males generally act as common parents. It has also been 
applied to tree breeding where mass collection of pollen from common parents causes no 
problems (Hill et al., 1998) 
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The North Carolina design II (NCD II) is also a polyandrous mating design, where each member 
of a group of male is mated to each member of a group of females. Different sets of males and 
females are used in this design. The NCD II is a high cost design and provides limited selection 
intensity. According to Hallauer (2007), the NCD II is a preferable design because it can make 
use of a greater number of parents and these can generate fewer crosses than a diallel mating 
design. The NCD II design provides good information for parents, male half-sib families, female 
half-sib families and male x female full-sib families. Information such as estimates of both 
additive and dominance effects, genetic gains from additive variance and dominance variance 
can be obtained using this design (Sharma, 2006). This design has been used in plant breeding 
for selection of testcross performance. Several researchers have used the NCD2 in maize (Mhike 
et al., 2011; Castellanos et al., 2009). 
 
The third North Carolina design (NCD III) is a method that makes use of the F2 generation. 
These are each backcrossed between the first and second parental inbred lines. This design is 
used to estimate average dominance of genes. It is more powerful than NCD I or II. The inbred 
parents are used as testers to their F2 progeny (Hill et al., 1998). 
 
2.9 Analysis of data from diversity studies 
 
Analysis of diversity data is done in order to understand and use the diversity observed. Different 
distance measures and approaches are available for analysing the dissimilarity or similarity of 
genotypes based on variables recorded. Principal component analysis (PCA) and cluster analysis 
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(CA) are two approaches commonly used. Data obtained from characterisation can be analysed 
in several ways. 
 
2.9.1 Principal component analysis 
 
In the present study, principal component analysis was used to find the best linear combinations 
of variables that would account for more of the variances in the data as a whole. The first PC 
shows the best linear relationships in the data, while the second is the next best linear 
combination of variables. The second
 
PC is unrelated with the first and accounts for the 
proportion of variance not accounted for by the first. The goal of PCA is to extract important 
information from a table and represent it as a set of new orthological variables called principal 
components. The aim of PCA is to reduce the dimensionality of a data set that consists of a large 
number of interrelated variables, maintaining as much of the variation as possible (Jolliffe, 
2002). It also aims to simplify the description of the data set. In addition PCA is concerned with 
finding relationships between objects or finding classes of similar objects. It is also associated 
with detection of outliers, variable selection and classification (Wold et al., 1987).  
 
Eigen values greater than one are worthy of interpretation. The Eigen values-greater than one 
was proposed by Kaiser (1960) is one of the common methods used to determine significant 
principal components. It states that, there are as many reliable factors as there are Eigen values 
greater than one. The reasoning is that an Eigen value less than one implies that the scores on the 
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component would have negative reliability. This method has been used extensively in 
characterising QPM germplasm as shown by Babu et al., (2012) and Pixley & Bjarnason (2002) 
  
2.9.2 Cluster analysis 
 
Cluster analysis allows data to be divided into groups that are meaningful and provides an 
abstraction from individual genotypes to the groups in which these genotypes reside. The groups 
are formed based on information found in the data and describe the genotypes and their 
relationships. Genotypes found within a group are similar or related to one another and different 
or unrelated to those in other groups. Different types of clustering can be used to distinguish 
genotypes. The most commonly used type of clustering is hierarchical (Rezankova & Praha, 
2009). In this type of clustering, sub-clusters are formed. The nested sub-clusters then form a 
dendrogram. Cluster analysis was used to determine the extent of relatedness between inbreds, 
while correlation coefficients were useful in the selection of traits influencing yield.  
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CHAPTER 3  
 
DIVERSITY ANALYSIS OF QPM INBRED LINES USING MORPHO-AGRONOMIC 
AND SIMPLE SEQUENCE REPEAT MARKERS 
 
Abstract 
Twenty one CIMMYT-QPM inbred lines were assessed for morpho-agronomic characteristics at 
the University of Fort Hare (UFH) Research farm during the 2011/2012 summer season. 
Molecular characterisation was performed using simple sequence repeat (SSR) markers in the 
Biochemistry laboratory at UFH. Characterisation was done to identify adaptable and genetically 
diverse inbred lines for use in cultivar development in the Eastern Cape. The aim of this study 
was to conduct preliminary characterisation of available QPM inbred lines that were sourced 
from CIMMYT. A randomised complete block design with three replicates was used. Inbred 
lines were evaluated using twenty five morpho-agronomic traits (14 quantitative and 11 
qualitative) and 27 SSR primers. Based on the estimation of phenotypes according to IBPGR 
descriptors, euclidean distances were calculated for the morpho-agronomic traits, and then a 
similarity matrix was formed on the basis of this distance. Among the 11 qualitative traits, 11% 
of the inbred lines showed average endosperm modification between 2 and 3. The other 
qualitative traits did not show much variation. Highly significant (P ≤ 0.001) variations were 
found among the inbred lines for all quantitative traits except number of rows per ear, while 
qualitative traits were not significantly different. Grain yield was highest for L20 (2.16 t/ha) and 
lowest for L12 (1.11 t/ha). The correlation coefficient between grain yield and chlorophyll 
content was positive and significant (0.72, P ≤ 0.01), while the relationship between grain yield 
and days to flowering was positive but not significant. Principal component analysis identified 
days to silking and days to anthesis, anthesis-silking interval, ear length and number of kernels 
per row as contributing 44.69% of variation among the inbred lines. From molecular 
characterisation, the 27 SSR primers amplified a total of 96 fragments. The mean polymorphism 
information content was 0.37, with an average of 3.48 alleles per locus. Based on morphological 
and agronomic data, inbred lines were clustered into three distinctive groups. Cluster analysis 
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based on SSR marker profiles using Roger’s genetic distance also produced three clusters. 
Clusters produced using SSR data showed association of inbred lines that largely concurred with 
expectations based upon pedigree data. The clustering pattern based on SSR markers was 
different from that of morpho-agronomic characterisation. The results of genetic distances 
among CIMMYT QPM lines indicated that these lines were derived from a narrow base since 
some lines with different pedigree showed small genetic distances. According to the morpho-
agronomic diversity study, some promising inbred lines (IBLs) were identified which exhibited 
superior characteristics such as high grain yield, and resistance to root and stem lodging, such as 
L20. Inbred lines such as L1 and L6 were identified as good IBLs for use in intercropping while 
L13, L14 and L21 were identified as the best IBLs for developing cultivars with long ears.  
 
3.1 Introduction 
 
Maize is the most important cereal crop in South Africa, and forms a vital part in the diet of 
women, children and the sick in rural and marginal areas of the Eastern Cape (EC) Province. Due 
to the high dependency on the crop by people, it has become imperative to identify quality 
protein maize (QPM) cultivars that are adapted to the EC. A number of QPM cultivars have 
already been developed and registered in South Africa (DAFF, 2012). However, these cultivars 
were breed mainly for high potential areas (Dr Gevers, personal communication
1
). It was 
therefore necessary to identify morpho-agronomic characteristics of available CIMMYT inbred 
lines to determine agro-ecologies in which they may be suitable in the EC.  
 
Characterisation is the description of plant germplasm, and in this case it was divided into 
morpho-agronomic and molecular. The availability and description of a wide range of 
                                                 
1
 Dr Gevers, Maize Breeder, Quality Seeds 
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genetically diverse set of inbred lines is a pre-requisite for initiating a meaningful breeding 
programme. Studies on the genetic diversity of maize are an ongoing process. It is important to 
organise germplasm into divergent groups, for the development of hybrid and synthetic cultivars. 
This ensures identification and exploitation of heterosis, which is a very important final result of 
a breeding programme. 
 
In the present study, morpho-agronomic characterisation focused on traits of agronomic, 
morphologic and/ or genetic interest to the breeder. Morphological traits have been generally 
used in the description of germplasm and were the initial basis for taxonomic studies in maize 
(Law et al., 2008). However, morphological traits are associated with some disadvantages, such 
as low polymorphism, low heritability, and they are subject to environmental influence. The 
latter disadvantage causes the expression of morphological traits to change with a change in 
environment (Betran et al., 2003a). According to Smith et al. (1997), morphological data does 
not provide a good estimation of genetic distance between genotypes, suggesting that morpho-
agronomic markers alone are unreliable indicators of genetic relationships and could therefore be 
supplemented by molecular characterisation. 
 
The use of molecular markers reveals the genetic relationships among the inbred lines, and 
prevents the risk of increasing uniformity in the entire germplasm, thereby ensuring long term 
selection gains. Molecular markers have been greatly used in maize genetic studies for the 
analysis of genotype frequencies, for the identification of deviations at individual loci and for 
characterisation of molecular variation within and between populations (Warburton et al., 2008). 
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In addition they have been used for analysis of correlation between genetic distances, hybrid 
performance and specific combining ability (Reif et al., 2003).  
 
Simple sequence repeats have several advantages over other molecular markers. They are 
technically simple to use, co-dominant, robust and reliable, and they are transferrable between 
populations (Collard et al., 2005). Simple sequence repeats are regions of DNA sequence where 
a pattern of 2-6 nucleotides is repeated from 5 to 30, or more times. The length of the repeats 
varies even among closely related organisms. The polymerase chain reaction (PCR) has the 
ability to replicate these regions several times. If the length of the repeated nucleotide varies 
among the inbred lines, the differences can be detected using size separation of the bands using a 
technique called electrophoresis. In the present study, polyacryalamide gel electrophoresis 
(PAGE) was used due to its ability to separate molecules with low molecular weight, as small as 
10 base pairs (CIMMYT, 2005).   
 
The success of any maize breeding programme is dependent on several factors, which include 
the characteristics of the inbred parents involved in the crosses, the climate and environmental 
stimuli. Maize inbred lines are classified so as to facilitate the use of their genetic variation. 
Genetic distances are a predictive feature that allows for the identification of crosses with a 
higher probability of success. By studying the morpho-agronomic diversity of lines, breeders are 
able to identify traits that will contribute to the production of high yields in certain environments. 
Evaluation of the grain yield and its components for inbred lines provides a way of estimating 
the productivity of maize hybrids generated using such inbreds (Pinnish et al., 2011).  
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The overall objective of this study was to characterise inbred lines newly introduced from 
CIMMYT using morpho-agronomic traits and molecular markers. Information obtained from 
this evaluation will enable effective use of the QPM inbred lines. The specific objectives were, 
(i) to assess the potential adaptation of QPM inbred lines and F1 progeny in the EC by evaluating 
them at the UFH farm, and (ii) to determine the genetic diversity of available QPM inbred lines 
using SSR markers. The null hypotheses tested were; (i) available QPM inbred lines and F1 
progeny do not differ in their adaptation to the different agro-ecologies of the EC, (ii) available 
QPM inbred lines are not genetically diverse. 
 
3.2 Materials and Methods 
 
3.2.1 Morpho-agronomic characterisation 
 
3.2.1.1 Study site 
 
The study was carried out at the University of Fort Hare (UFH) Research Farm (32º 47’ 51’’S 
and 27º 50’ 55’’E), during the 2011/2012 summer season. The farm is at an altitude of 508 m 
above sea level. The area has a semi- arid climate, with an average annual rainfall of 525mm. 
The mean day and night temperatures in summer are 22.5ºc and 18ºc respectively. 
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3.2.1.2 Plant materials 
 
Twenty one white grained QPM inbred lines were sourced from CIMMYT- Zimbabwe. Twenty 
one QPM inbred lines were used as treatments and are described in Table 3.1. Five of the inbreds 
were classified as susceptible to drought, while nine were drought tolerant. Seven of the inbred 
lines had not been classified for drought tolerance. In the rest of the thesis the inbred lines and 
hybrids formed among them are referred to and identified by the line numbers as indicated in 
Table 3.1. 
 
3.2.1.3 Experimental design trial establishment and management 
 
A randomised complete block design was used with 3 replicates. Inbred lines were planted in 
two row plots of 4 m length with inter row spacing of 0.75 m and intra row spacing of 0.25 m, to 
achieve a population of 53,333 plants per hectare. Three seeds were planted per station. Basal 
fertiliser with an N: P: K ratio 2:3:4(30) was applied at a rate of 185 kg/ha
 at
 planting. Lime 
ammonium nitrate (LAN) was applied at a rate of 185 kg/ha 6 weeks after crop emergence. Pre-
emergent herbicides Diamant and Sorgomil were applied at a recommended rate of 2.5 l/ha and 3 
l/ha, respectively. From two weeks after crop emergence to post anthesis, basagran (ai 
bendioxide 480g/l) and atrazine 500 SC (ai atrazine 500 g/l) were applied at a recommended rate 
of 2 l/ha every two weeks for the control of nutsedge grass and broad leaf weeds. Cutworm 
(Agrotis segetum) and maize stalk borer (Buseola fusca) were controlled by applying Lamdex at 
a rate of 70 ml/ha. All agro-chemicals were applied using a knapsack sprayer. Hand hoeing was 
done when necessary, mostly for controlling grass weeds.  
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Table 3.1 Names, pedigree, drought response and heterotic groups of parental inbred lines 
used in the North Carolina mating design II. 
Line Name Pedigree Drought tolerance Heterotic group 
1 
 
(CLQRCWQ50/CML312SR)-2-2-1-BB-1-B-B - A 
2 
 
[[CML202/CML144]F2-1-1-3-B-1-
B*6/[GQL5/[GQL5/[MSRXPOOL9]C1F2-205-
1(OSU23i)-5-3-X-X-1-BB]F2-4sx]-11-3-1-1-B*4]-B*5-
1-B 
drought tolerant B 
3 
 
[CML141/[CML141/CML395]F2-1sx]-4-2-1-B*4-1-
BB-B 
drought tolerant B 
4 
 
[CML144/[CML144/CML395]F2-5sx]-1-3-1-3-B*7-B drought tolerant - 
5 
 
[CML144/SNSYNF2[N3/TUX-A-90]-102-1-2-2-BSR-
B*4]-B-4-3-B*4-1-B-B 
drought tolerant B 
6 
 
[CML150/CML373]-B-2-2-B*4-4-B-B drought tolerant A 
7 
 
[CML159/[CML159/[MSRXPOOL9]C1F2-205-
1(OSU23i)-5-3-X-X-1-BB]F2-3sx]-8-1-1-BBB-4-B-B 
drought tolerant A 
8 
 
[CML182/TZMI703]-B-9-1-BB-#-BB-2-B-B - B 
9 
 
[CML202/CML144]F2-1-1-3-B-1-B*6-2-B drought tolerant B 
10 
 
[CML205/CML176]-B-2-1-1-2-B*5-1-B-B drought tolerant B 
11 
CML 
511 
[CML389/CML176]-B-29-2-2-B*4-B drought tolerant B 
12 
 
[GQL5/[GQL5/[MSRXPOOL9]C1F2-205-1(OSU23i)-
5-3-X-X-1-BB]F2-4sx]-11-3-1-1-B*5-3-B-B 
- B 
13 
 
[GQL5/[GQL5/CML202]F2-3sx]-11-4-1-3-B*4-B - B 
14 
 
[TZMI703/CML176]-B-3-2-B*5-4-B-B - B 
15 
CML 
502 
CLQRCWQ50-BB-1-2-B-B - B 
16 
CML 
176 
CML176-#-B-2-B Drought sensitive B 
17 
CML 
181 
CML181-B-1-5-B-B7 Drought  sensitive - 
18 
CML 
182 
CML182-BB-B drought sensitive - 
19 
 
CML264Q-B-1-2-B-B drought sensitive A 
20 
CML 
491 
CML491-B-3-11-B-B - A 
21 
CML 
492 
CML492-BB-2-1-B-B drought sensitive B 
45 
 
3.2.1.4 Data collection  
 
Data were collected on morpho- agronomic traits using 25 character descriptors adopted from 
IBPGR, (1991). A total of 14 quantitative (Table 3.2) and 11 qualitative (Table 3.3) traits were 
measured. Quantitative data were averaged for 10 plants, while qualitative data were visually 
scored on a plot basis. Quantitative and qualitative data were determined using metric and 
arbitrary scales, respectively. 
Table 3.2 Quantitative traits used for morphological characterisation of CIMMYT-QPM 
inbred lines 
Quantitative Trait  Acronym 
1. Days to anthesis (days) AD 
2. Anthesis-silking interval (Days) ASI 
3. Ear length (centimetres) EL 
4. Chlorophyll content (SPAD units) CC 
5. Ears per plant  EPP 
6. Ear height (metres) EH 
7. Grain yield (tonnes/hectare) GY 
8. PH (metres) PH 
9. Number or rows per ear NRE 
10. Number of kernels per row NKR 
11. Stem lodging (%) SL 
12. Root lodging (%) RL 
13. Days to silking (days) SD 
14. 1000 Kernel weight (grams) 1000KW 
Adapted from IBPGR, 1991. Descriptors for Maize. International Maize and Wheat Improvement Centre, Mexico 
City/ International Board for Plant Genetic Resources, Rome 
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Table 3.3 Qualitative traits used for morphological characterisation of CIMMYT-QPM 
inbred lines 
Trait Description Acronym 
1. Endosperm modification  1=not opaque,2= 25% opaque,3=50% opaque, 4=75% opaque, 
5= 100% opaque 
EM 
2. Leaf orientation  1=erect, 2=Pendant LO 
3. Brass roots 1=none, 2=weak, 3=medium, 4=strong, 5= very strong BR 
4. Stem colour 1=none, 2=weak, 3= medium, 4=strong, 5= very strong SC 
5. Husk cover 3= poor, 5=intermediate, 7=good HC 
6. Tassel type 1=Primary, 2=secondary, 3=tertiary TT 
7. Foliage 3=small, 5=intermediate, 7=large FG 
8. Sheath pubescence 3=Sparse, 5=Intermediate, 7=Dense SP 
9. Ear damage (Cob rots and 
insects) 
0=none, 3=little, 7=severe ED 
10. Rust 1=very low, 3=low, 5=intermediate, 7=high, 9=very high RU 
11. Grain texture 1=Flint, 3= Semi dent, 5=Dent  
Adapted from IBPGR, 1991. Descriptors for Maize. International Maize and Wheat Improvement Centre, Mexico 
City/ International Board for Plant Genetic Resources, Rome 
 
3.2.2 Molecular characterisation 
 
3.2.2.1 Deoxyribonucleic acid (DNA) extraction 
 
The inbred lines used were planted in pots in the glasshouse at UFH. Maize genomic DNA was 
extracted from 2 week old leaves from all the 21 CIMMYT-QPM inbred lines. Deoxy 
ribonucleic acid extraction was carried out using a Wizard
®
 genomic DNA purification kit 
(Promega) from 40 mg of maize leaf tissue. Liquid nitrogen was used to freeze-dry the leaf 
47 
 
samples, followed by crushing them using a pestle and mortar. A nuclei lysis solution was used 
to breakdown the cell membrane. An RNase solution was then used to digest messenger 
ribonucleic acid (mRNA) and proteins were precipitated with a protein precipitation solution. 
The digested proteins were further precipitated using isopropanol. DNA was then precipitated 
using 70% ethanol, thus removing any remaining salts. The DNA pellet was air dried, and a 
DNA rehydration solution was used to dissolve the DNA (Promega, 2010) 
 
3.2.2.2 DNA quality assessment and quantification 
 
Quality assessment of the DNA was done by agarose gel electrophoresis. Two micro litres of 
concentrated DNA sample was mixed with 10µl of 6x loading dye. The mixture was loaded on a 
0.8% agarose gel, and then stained with 10µl ethidium bromide. Electrophoresis was carried out 
in a buffer with 0.5 Tris Borate Ethylenediaminetetraacetic acids (EDTA) (TBE) with a pH of 
8.0, using a Gel X L Ultra horizontal gel system (Labnet International) at 100v for 90 minutes. A 
1 kb ladder was used as the molecular weight marker. After electrophoresis, the gel was then 
visualised using a gel documentation system (Uvitec Cambridge, Alliance version 4.7). 
Deoxyribonucleic acid quantification was done using a spectrophotometer (Genova MK3 Life 
analyser, Jenway). For quantity assessment, 5µl of the concentrated DNA sample, plus 995 µl of 
Tris EDTA (TE), was loaded into a cuvette which was then inserted into the spectrophotometer 
chamber for measurement.  
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3.2.2.3 Amplification with simple sequence repeat (SSR) primers 
 
Simple sequence repeat primers used are presented in Appendix 3. The polymerase chain 
reaction conditions were in accordance with CIMMYT laboratory protocols (2005), with minor 
modifications.  The protocol required DNA at a concentration of 10 ng/µl, which was modified 
to 8 ng/µl for the present study. The correct amount of DNA for each genotype was diluted with 
sterilised distilled water. The final concentrations of the PCR reagents that were used for 
amplification were; 40 ng template DNA, 0.25 µM forward and reverse primers, 1 unit Takara 
Ex Taq DNA polymerase (Separations), 150 µM each of dNTPs, 1X Taq buffer (20 mM Tris-
HCI, pH 8.0,100 mM  KCL, 0.1 mm EDTA, 1 Mm DTT, 0.5% Tween 20, 0.5% NP-40, 50% 
glycerol). 
 
A touchdown PCR programme was used as described by Senior et al. (1998), with a few 
modifications. The initial cycle had a denaturation temperature of 94 ºC for one minute. The 
second cycle had ten cycles, starting with denaturation at 94 ºC for 1 minute, followed by 
annealing. Annealing was performed for every 1 ºC decrease in annealing temperature from 65 
ºC to 55 ºC. Ten cycles were therefore performed at 10 different temperature settings. Extension 
was done at 72 ºC for 1 minute 30 seconds. Temperature settings for the next 30 cycles were as 
follows; denaturation at 94 ºC for 1 minute, annealing at 55 ºC for 1 minute and extension at 72 
ºC for 1 minute 30 seconds. The final extension was at 72 ºC for 5 minutes, and the holding 
temperature was 4 ºC. Each of the 27 SSR primers was used to amplify DNA of each of the 21 
CIMMYT QPM inbred lines.  
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3.2.2.4 Electrophoresis 
 
After amplification, SSR PCR products were electrophoresed on a vertical gel system with 12% 
acrylamide solution (non-denaturing gels). The acrylamide solution was composed of 6 ml of 
40% acrylamide/bis solution (29.1) 3.3% C, 4 ml of 5x TBE, 10 ml distilled water, 70 µl of 25% 
ammonium per sulphate and 10 µl of TEMED (N,N,N’N’ tetra-methyl ethylenediamine).  A 
mixture of 6 µl of the PCR sample and 2 µl of O’Gene 6x orange loading dye (Thermo 
Scientific) were loaded into a 1.0 mm wide gel well. A comb with 10 wells was used, and the 
first well was loaded with 5µl of the O’Gene Ruler 100 bp (0.1 µg/µl) molecular weight marker 
(Thermo Scientific). Products were separated by electrophoresis in a Bio-Rad Mini Protean Tetra 
System using a PowerStation 200 Labnet international Inc. The tank could run up to four gels. 
However, three gels were run at a time for each primer. The gels were run for 90 minutes at 120 
volts. After electrophoresis, the gel was stained with 5 µl of ethidium bromide in 70 ml of 
distilled water at room temperature for 35 minutes. The gel was then visualised using a gel 
documentation system (Uvitec Cambridge, Alliance version 4.7). Allele sizes of the SSR bands 
were determined by comparing them with the internal O’Gene 100 bp molecular weight marker 
(CIMMYT, 2005).  
 
3.3 Statistical analysis 
 
Analysis of variance (ANOVA) was performed on all quantitative data for morpho-agronomic 
traits to determine if there were significant differences among them. Variations in quantitative 
traits were explained using descriptive statistics such as means, ranges, standard deviation and 
50 
 
coefficients of variation. Genstat statistical software, version 12 (Genstat 
®,
 2009) was used for 
ANOVA and descriptive statistics. Data for qualitative traits was tabulated in their nominal 
classes. 
 
Data for principal component analysis and hierarchical cluster analysis was initially standardised 
by subtracting the mean from the trait value and dividing by the standard deviation. Similar 
entries were clustered according to euclidean distances and a dendrogram was generated by 
adopting the Unweighted Paired Group Method using Arithmetical averages algorithm 
(UPGMA). 
 
For molecular analysis, each SSR primer was considered as a locus, and each band as an allele. 
Allele sizes were determined based on their position relative to a 100 base pair molecular ladder. 
Deoxy ribonucleic acid banding patterns from SSR gels were converted to binary form, where 1 
indicated the presence of a specific allele and zero indicated its absence. The polymorphism 
information content (PIC) for each SSR primer was determined as described by Smith et al. 
(1997). PIC is a measure of allele diversity at a locus and is equal to; 
     
 
 
    
 
 
Where,    is the frequency of the ith allele. Gene diversity was calculated to quantify the genetic 
variation among the maize inbred lines. Gene diversity is defined as the probability that two 
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alleles randomly chosen from the test sample are different. Allele frequency was calculated for 
each locus across the set of inbred lines using the Power Marker software version 3.25. The 
genetic distances between genotypes was computed using Roger’s (1972) genetic distances 
(RD). Roger’s genetic distance is free from any assumptions about mutation mode at the marker 
loci. Cluster analysis was then carried out using the neighbour-joining tree (NJ) method using 
Power Marker software, version 3.25.  
 
3.4 Results 
 
3.4.1 Morpho-agronomic characterisation 
 
3.4.1.1 Quantitative traits 
 
Inbred lines were evaluated for 14 quantitative characters. The maximum, minimum, standard 
deviation and average value for the quantitative traits are shown in Table 3.4. Results of 
ANOVA revealed highly significant differences (P ≤ 0.001) for all traits measured, except for 
number of rows per ear (Table 3.4). Traits showed a wide range of variability particularly for 
1000 kernel weight, root lodging and silk lodging. The lowest standard deviations were recorded 
for plant height (0.27), grain yield (0.33), ear height (0.35) and ears per plant (0.50), while the 
highest were recorded for 1000 kernel weight and root lodging. Means that were calculated for 
each trait showed considerable diversity among the inbred lines (Appendix 1). 
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Table 3.4 Descriptive statistics of CIMMYT-QPM inbred lines 
Trait Max Min 
Mean and standard 
deviation 
+
P value 
Anthesis (Days) 95 79.67 88 ± 3.70 *** 
Anthesis-silking interval 4 -2 0.84 ±0.80 *** 
Ear length (centimetres) 15.73 7.77 11.61 ±2.24 *** 
Chlorophyll content 58.8 43.93 51.03 ±4.68 *** 
Ear Height (metres) 2 0.94 1.45 ±0.35 *** 
Ears per plant 2 1 1.46 ±0.50 *** 
Grain Yield (tonnes/hectare) 2.16 1.11 1.64 ±0.33 *** 
Plant height (metres) 2.85 1.89 2.41±0.27 *** 
Root Lodging (%) 56.97 0 16.65±9.45  *** 
Stem Lodging (%) 22.73 0 9.02±6.96  *** 
Number of kernels/row 29.67 19.67 25.29 ±2.78 *** 
Number of rows per ear 13.67 12.0 12.73 ±1.07 ns 
Silking (days) 95 77.67 89 ±4.4 *** 
1000 KW (grams) 321.7 141 218.68±44.73 *** 
+*** -P ≤ 0.001, ns- not significant 
 
3.4.1.2 Qualitative data 
 
Eleven qualitative traits were used for characterisation of 21 CIMMYT-QPM inbred lines. The 
characters recorded, and their variations, are presented in Table 3.5. A narrow range of variation 
was shown for most traits that were studied. Ninety percent of the inbred lines showed 
endosperm modification scores between 2 and 3, while lines L4 and L15 each had a score of 1 
(no opaqueness in the kernels). With regards to leaf orientation, the inbred lines were classified 
53 
 
into two groups, 71% had erectophile leaves, while the remaining 29% had pendant leaf 
orientation. The inbred lines were classified into three categories on the basis of brass roots. 
Inbred lines L6, L7, L19 showed weak brass roots (Table 3.5). Husk covering was predominately 
intermediate to good, and tassel type was either primary or secondary. Foliage was dominantly 
intermediate, with 33% of the lines having small foliage and only lines L3, L4 and L5 showing 
large leaves. Sheath pubescence was mostly sparse. The incidence of rust was generally very low 
to low, while ear damage was either none or minimal, except for lines L6 and L19 that showed 
severe ear damage due to ear rots. Classification based on grain texture divided the QPM inbred 
lines into three types; flint, dent and semi-dent. There were 14 inbred lines with flint, 5 with 
semi-dent, and 2 with dent grain texture (Table 3.5). 
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Table 3.5 Variation for 11 qualitative traits among 21 CIMMYT-QPM inbred lines 
 IBL EM LO BR SC HC TT FOL SP ED RU GT 
1 50% opaque Erect Medium Medium good primary intermediate sparse None very low Flint 
2 25% opaque Pendant Medium Medium good primary intermediate sparse None very low Flint 
3 25% opaque Erect Medium Medium good secondary large sparse None very low semi dent 
4 not opaque Pendant Medium Medium good secondary large intermediate little very low semi dent 
5 25% opaque Pendant Strong Strong intermediate primary large intermediate little very low semi dent 
6 25% opaque Erect Weak Weak good secondary small intermediate severe low Flint 
7 25% opaque Erect Weak Weak intermediate secondary intermediate sparse little very low Flint 
8 50% opaque Pendant Medium Strong good Primary small sparse little very low Flint 
9 50% opaque Pendant Medium Medium intermediate Secondary intermediate sparse None very low Flint 
10 25% opaque Erect Medium Strong intermediate Secondary intermediate intermediate None very low Flint 
11 25% opaque Erect Medium Medium good Secondary intermediate sparse None very low Flint 
12 50% opaque Erect Medium Medium good Secondary intermediate sparse None very low Flint 
13 25% opaque Erect Medium Medium good Secondary intermediate sparse None very low semi dent 
14 25% opaque Pendant Medium Medium good Secondary intermediate sparse little low semi dent 
15 not opaque Erect Strong Weak intermediate Secondary small sparse little very low Flint 
16 25% opaque Erect Strong Weak good Secondary intermediate intermediate little very low Dent 
17 50% opaque Erect Medium Medium good Secondary small sparse little very low Dent 
18 25% opaque Erect Medium Strong intermediate Primary small sparse little very low Flint 
19 25% opaque Erect Weak Weak poor Primary small sparse severe very low Flint 
20 25% opaque Erect Strong Strong intermediate Primary intermediate sparse None very low Flint 
21 25% opaque Erect Strong Strong intermediate Primary Small sparse little very low Flint 
IBL-Inbred line, EM- endosperm modification, LO-Leaf orientation, BR-brass roots, SC-stem colour, HC-Husk cover, TT-Tassel type, FOL-foliage, SP- Sheath pubescent, 
ED-ear damage, RU- rust, GT –grain texture.
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3.4.1.3 Principal component analysis 
Morpho-agronomic variability was explained by 14 components. The first five principal 
components had eigen values greater than one, and explained 77.54 % of the phenotypic 
variation (Table 3.6). The components which had eigen values equal to or greater than 1 were 
retained and considered worthy of interpretation according to the method by Kaiser (1960). The 
first PCA gave an eigen value greater than 3, while the second had an eigen value of 2.35. The 
most discriminating traits under principal component 1 were days to silking and anthesis, plant 
height and anthesis-silking interval, while number of kernel rows and ear length had a moderate 
and positive weight on the second principal component (Table 3.6). The third component 
emphasized on root lodging, and described a pattern where root lodging increased with an 
increase in ear length and number of kernel rows. The forth component accounted for 10.38% of 
the total variation, and mainly emphasised on the ears per plant.  
Table 3.6 Principal components and contribution of 13 maize traits to variability 
 
Trait PC1 PC2 PC3 PC4 PC5 
1000 kernel weight 0.06 -0.08 0.11 -0.58 0.57 
Anthesis-silking interval 0.25 -0.33 0.13 -0.38 -0.19 
Ear length -0.18 0.40 0.33 0.17 0.21 
Ear height 0.16 -0.34 0.01 0.22 0.56 
Plant height 0.41 -0.26 0.12 0.30 0.04 
Root lodging 0.06 0.10 0.59 -0.16 -0.06 
Stem lodging -0.29 -0.31 -0.04 -0.05 0.30 
Days to anthesis 0.45 0.15 0.13 0.25 0.05 
Ears per plant -0.22 -0.12 0.13 0.50 0.23 
Number of kernels per row -0.03 0.43 0.33 -0.08 0.22 
Chlorophyll content 0.22 0.31 -0.48 -0.02 0.27 
Days to silking 0.50 -0.03 0.17 0.03 -0.04 
Grain yield 0.25 0.33 -0.32 -0.07 0.12 
Eigen value 3.46 2.35 1.82 1.35 1.10 
Variance % 26.64 18.05 14.02 10.38 8.45 
Cumulative 26.64 44.69 58.71 69.09 77.54 
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3.4.1.4  Cluster Analysis 
 
Cluster analysis based on morpho-agronomic data gave groups that are to a great extent in 
concordance with pedigree data (Table 3.1). The average values of quantitative traits in the three 
clusters are presented in Appendix 2. The inbred lines in one cluster were more closely related 
than individuals from other clusters. The first cluster constituted of 14 inbreds, five of these 
belonging to heterotic group A, while the rest belonged to heterotic group B. Cluster two 
included inbreds from heterotic group B, cluster three had two inbred lines, one from heterotic 
group B, while the other IBL was not classified for heterotic grouping. The three unclassified 
IBL were equally distributed one in each of the three clusters (Fig 3.2). 
 
 
 
 
57 
 
 
 
Figure 3.1 Cluster dendrogram illustrating morpho-agronomic diversity between QPM 
inbreed lines characterised using 13 quantitative descriptors  
 
The difference between the clusters was mainly attributed to days to anthesis and silking, ear 
length, number of kernel rows and grain yield. Cluster one was characterised by having the 
lowest number of ears per plant, short ears, the tallest plants, the highest anthesis-silking interval, 
and percentage root lodging, late maturing plants and the least stem lodged plants. This cluster 
had moderate 1000 kernel weight, number of kernel rows, chlorophyll content and lastly, a 
moderate grain yield. Cluster two consisted of high yielding inbred lines with the highest 
chlorophyll content, number of kernel rows, and 1000 kernel weight. This cluster also had the 
least anthesis-silking interval, root lodging and stem lodging, medium plant height and had ears 
1 
2 
3 
1.0 0.95 0.9
95 
0.85 0.80 
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of medium length. Generally, lines in cluster two were of medium maturity. Cluster three was 
characterised by lines with the lowest grain yield, 1000 kernel weight, number of kernel rows 
and chlorophyll content. Inbred lines in this cluster had the shortest ear height, medium plant 
height, were early maturing, showed no root lodging but had the highest stem lodging. This 
cluster also had inbred lines with moderate anthesis-silking interval and ears were of medium 
length. 
 
3.4.1.5 Correlation coefficients between quantitative traits 
 
Correlation coefficients among traits indicated the existence of statistically significant 
relationships (Table 3.7). The strongest positive significant (P ≤ 0.001) correlation coefficient 
was observed between days to anthesis and days to silking (r =0.90). A positive and significant 
relationship was shown for grain yield and chlorophyll content (r = 0.71). A negative and 
significant correlation coefficient was observed for days to anthesis and days to silking (r =- 
0.47). Negative but non-significant correlations were observed between anthesis-silking interval, 
stem lodging, and grain yield. In the present study, 1000 kernel weight, ear length, number of 
kernels per row and plant height were positively but non-significantly correlated with grain yield. 
 
3.4.2 Molecular characterisation of inbred lines 
 
All inbred lines were successfully amplified using 27, out of 29 primers. Primers phi089 and phi 
112 were excluded from the analysis because they failed to amplify consistently. The 27 SSR 
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primers amplified a total of 96 bands in the 21 inbred lines, to give an average of 3.48 alleles per 
locus The number of alleles ranged from 1 (phi 219384) to 6 (phi029, phi072, phi127 and 
nc130). Ten major SSR alleles had high individual frequencies (≥ 0.75), namely; phi050, nc133, 
phi219384, phi109275, phi059, phi 046, phi101049, umc1277, umc1122 and phi 96100. 
Polymorphism features for each SSR locus are shown in Table 3.8. 
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Table 3:7 Correlation coefficients of 13 quantitative traits used to study 21 QPM inbred lines  
Trait 1000kw ASI EL EH PH RL SL AD EPP NKR CC SD GY 
1000kw 1.00             
ASI 0.30 1.00            
EL -0.08 -0.27 1.00           
EH 0.26 0.28 -0.27 1.00          
PH 0.02 0.41 -0.46* 0.59* 1.00         
RL 0.20 0.15 0.31 -0.11 0.11 1.00        
SL 0.13 -0.07 0.04 0.14 -0.21 -0.02 1.00       
AD 0.06 0.11 -0.01 0.21 0.64* 0.19 -0.47* 1.00      
EPP -0.01 -0.17 0.31 0.08 -0.17 -0.02 0.33 -0.27 1.00     
NKR 0.10 -0.24 0.50* -0.18 -0.12 0.34 -0.22 0.08 -0.20 1.00    
CC 0.00 -0.20 0.02 -0.03 0.02 -0.38 -0.31 0.34 -0.27 0.04 1.00   
SD 0.18 0.54* -0.13 0.30 0.72** 0.22 -0.43 0.90*** -0.31 -0.04 0.20 1.00  
GY 0.05 -0.19 0.01 -0.16 0.06 0.02 -0.34 0.45* -0.23 0.04 0.71** 0.30 1.00 
*, **, *** significant at 0.05, 0.01 and 0.001 probability levels, respectively. ASI-anthesis-silking interval, EL- ear length, EH- ear height, PH- plant height, RL- root lodging, 
SL-stem lodging, AD- anthesis date, EPP- ears per plant, NKR- number of kernel rows, CC- chlorophyll content, SD-silking date, GY- grain yield
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Table 3.8 Allele frequency, allele number, gene diversity and PIC values for SSR loci found 
in 21 QPM inbred lines 
SSR locus Bin no. Repeat type Major. Allele 
Frequency 
No. of 
Alleles 
Gene Diversity 
+
PIC value 
NC130 5.00 AGC 0.50 6 0.66 0.61 
NC133 2.05 GTGTC 0.79 3 0.35 0.32 
PHI029 3.04 AG/AGCG 0.50 6 0.67 0.63 
PHI031 6.04 GTAC 0.74 3 0.41 0.35 
PHI032 9.04 AAAG 0.62 3 0.53 0.47 
PHI034 7.02 CCT 0.64 4 0.53 0.48 
PHI046 3.08 ACGC 0.95 3 0.09 0.09 
PHI050 10.03 AAGC 0.81 4 0.33 0.31 
PHI053 3.05 ATAC 0.57 5 0.62 0.59 
PHI059 10.02 ACC 0.76 3 0.37 0.32 
PHI072 4.01 AAAC 0.50 6 0.66 0.61 
PHI101049 2.09 AGAT 0.81 3 0.33 0.30 
PHI109275 1.00 AGCT 0.79 4 0.37 0.35 
PHI112 7.01 AG 0.60 2 0.48 0.37 
PHI121 8.04 CCG 0.52 4 0.56 0.47 
PHI127 2.08 AGAC 0.52 6 0.65 0.61 
PHI213984 4.01 ACC 0.98 2 0.05 0.05 
PHI64 1.11 ATCC 1.00 1 0.00 0.00 
PHI96100 2.00 ACCT 0.98 2 0.05 0.05 
UMC1061 10.06 (TCG)6 0.62 2 0.47 0.36 
UMC1109 4.10 (ACG)4 0.62 4 0.50 0.42 
UMC1122 1.06 (CGT)7 0.83 3 0.29 0.27 
UMC1136 3.10 (GCA)5 0.50 5 0.66 0.60 
UMC1153 5.09 (TCA)4 0.64 3 0.48 0.38 
UMC1161 8.06 (GCTGGG)5 0.71 3 0.43 0.37 
UMC1277 9.00 (AATA)5 0.79 3 0.36 0.33 
UMC1399 3.07 (CTAG)5 0.55 3 0.52 0.41 
Mean   0.70 4 0.42 0.37 
+
 PIC- Polymorphism information content 
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 Plate 3.1 Banding pattern of 8 QPM inbred lines amplified using SSR primer p-phi 032. 
 
 Plate 3.2 Banding pattern of 7 QPM inbred lines amplified using SSR primer p-phi 127. 
 
 Plate 3.3 Banding pattern of 6 QPM inbred lines amplified using SSR primer p- umc 1399 
 
Control 
Control 
63 
 
Plates 3.1, 3.2 and 3.3 are examples of gel electrophoresis results of amplification using different 
SSR primers. The size of amplified fragments for the 27 SSR primer sets ranged from 66 -297 
base pairs (bp). The minimum and maximum allele sizes were observed for primer set phi046 
and phi96100, respectively. Simple sequence repeats that consisted of trinucleotide repeats had 
the highest average PIC value of 0.40, and the second highest average number of alleles (3.6). 
The tetra- repeat gave a higher mean allele value (3.7) than the di, tri, penta and hexa- repeats. 
Twenty nine percent of the markers had PIC values greater than 0.50. 
 
Roger’s (1972) genetic distances that were calculated for all pairs of lines are presented in Table 
3.9. The range of the genetic distances was from 0 to 37%. The highest genetic distance (0.37) 
was observed for three comparisons; L15 vs. L19, L7 vs. L11 and L7 vs. L20. In comparison 
with pedigree data, all the above had no similar ancestry with each other, and belonged to 
different heterotic groups except for L7 vs. L20, in which both lines belonged to heterotic group 
A and were grouped together in cluster 3. Combinations of L7 vs. L11 and L19 vs. L15 had each 
of the parental lines belonging to a different cluster, for example; L7 was grouped into cluster 3 
while L11 belonged to cluster 2 (Fig 3.4). 
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Table 3.9 Average estimates of genetic distances among 21 QPM inbred lines amplified using 27 SSR primer sets 
 IBL1 IBL10 IBL11 IBL12 IBL13 IBL14 IBL15 IBL16 IBL17 IBL18 IBL19 IBL2 IBL20 IBL21 IBL3 IBL4 IBL5 IBL6 IBL7 IBL8 IBL9 
IBL1 0.00                     
IBL10 0.19 0.00                    
IBL11 0.28 0.26 0.00                   
IBL12 0.26 0.28 0.20 0.00                  
IBL13 0.24 0.22 0.22 0.11 0.00                 
IBL14 0.20 0.28 0.20 0.19 0.22 0.00                
IBL15 0.31 0.33 0.31 0.26 0.33 0.26 0.00               
IBL16 0.26 0.28 0.20 0.30 0.28 0.20 0.22 0.00              
IBL17 0.24 0.30 0.30 0.20 0.20 0.20 0.28 0.31 0.00             
IBL18 0.20 0.28 0.31 0.24 0.22 0.26 0.31 0.22 0.17 0.00            
IBL19 0.30 0.35 0.33 0.28 0.26 0.22 0.37 0.28 0.22 0.22 0.00           
IBL2 0.22 0.19 0.28 0.22 0.20 0.26 0.30 0.26 0.26 0.28 0.26 0.00          
IBL20 0.24 0.33 0.31 0.26 0.33 0.30 0.28 0.24 0.35 0.33 0.28 0.26 0.00         
IBL21 0.22 0.24 0.31 0.20 0.24 0.30 0.35 0.30 0.30 0.30 0.35 0.24 0.24 0.00        
IBL3 0.26 0.30 0.28 0.22 0.20 0.24 0.28 0.28 0.24 0.28 0.30 0.28 0.33 0.30 0.00       
IBL4 0.19 0.24 0.31 0.28 0.28 0.22 0.31 0.26 0.26 0.28 0.28 0.19 0.20 0.20 0.30 0.00      
IBL5 0.24 0.20 0.30 0.24 0.20 0.31 0.30 0.30 0.25 0.27 0.31 0.22 0.33 0.20 0.30 0.26 0.00     
IBL6 0.17 0.28 0.28 0.28 0.20 0.26 0.31 0.22 0.24 0.20 0.24 0.26 0.30 0.24 0.22 0.26 0.24 0.00    
IBL7 0.24 0.30 0.37 0.33 0.28 0.31 0.33 0.35 0.30 0.31 0.33 0.28 0.37 0.30 0.27 0.35 0.26 0.20 0.00   
IBL8 0.22 0.28 0.24 0.20 0.19 0.17 0.33 0.28 0.26 0.28 0.26 0.22 0.33 0.30 0.25 0.20 0.33 0.22 0.30 0.00  
IBL9 0.24 0.20 0.26 0.24 0.24 0.31 0.33 0.26 0.33 0.28 0.28 0.19 0.28 0.17 0.22 0.22 0.26 0.22 0.31 0.24 0.00 
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Figure 3.4 Dendrogram for 21 QPM inbred lines based on Roger’s genetic distance 
HG-heterotic group 
 
The neighbour joining tree was used to construct a dendrogram based on Roger’s genetic 
distances (Fig 3.4). The clustering formed three major groups, although not identical to the three 
groups formed when using morpho-agronomic markers. The majority of inbred lines were 
clustered into two large clusters. The first cluster comprised of L15 only which belonged to HG 
B. Cluster two consisted of lines L11, L16, L19, L17, L18, L3, L12, L13, L14 and L8, 70% of 
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the lines in this group were from heterotic group B while one was from heterotic group A and 
two were unclassified. Cluster three contained lines L20, L4, L7, L1, L6, L21, L9, L5, L10 and 
L2. In this cluster 50% of the lines belonged to heterotic group B, while 40% of the inbreds 
belonged to heterotic group A and one was unclassified. The following pairs of lines were 
closely related by pedigree and molecular data; L11 and L16; L14 and L8; L19 and L5; L10 and 
L2. However, there were some differences in associations among inbreds; for example, the SSR 
data indicated that lines L6 and L21 were closely related though pedigree data indicated 
otherwise.  
 
3.5 Discussion 
 
In this study, 21 QPM inbred lines from CIMMYT-Zimbabwe were characterised using morpho-
agronomic traits and molecular markers. Both morpho-agronomic and molecular 
characterisations were effective in distinguishing the germplasm. More variations were observed 
for the agronomical characteristics than were obtained for the morphological traits. The broad 
range of means of the inbred lines from morpho-agronomic data showed that there is great 
potential for the development of hybrids or synthetic cultivars using these materials. The 
existence of a broad morpho-agronomic diversity was further substantiated by principal 
component analysis, which indicated that the total variation was fairly distributed across the 
morpho-agronomic traits. In addition, low to moderate genetic diversity was observed among the 
IBLs, following molecular characterisation using SSRs. Genetic diversity was not very high and 
therefore may not be useful in improving cultivars for yield. 
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3.5.1 Quantitative and qualitative traits 
 
 The present study showed that morpho-agronomic differences existed between the inbred lines 
(IBLs). Several contrasts were noted in plant height, days to anthesis and silking, grain yield and 
its components. The number of days to silking and days to anthesis were the most important 
criteria employed in characterisation of maize germplasm into maturity groups. Refer to section 
3.8.3 on clustering for recommendations on the inbred lines. Plant and ear height are important 
traits to the farmer as they determine the standability of the crop. Inbred lines with longer ears 
had more kernels per row and overall, a higher yield. Ear length and grain yield had a positive 
but very low correlation coefficient in this study (0.01). According to Ross et al. (2006), ear 
length is a basic component which affects yield. Okporie, (2008) confirmed that ear length can 
be used as a good parameter to predict grain yield.  
 
Although smaller tassels observed in the inbred lines made use of less assimilates, they may 
present a challenge with regards to pollen production in other environments. Inbred lines that 
showed primary tassel type had fewer branches. This implied that they produced less pollen as 
observed by Bodi et al. (2007). This is because the tassel type influences the number of tassel 
branches, which in turn determines the amount of pollen that is produced.  
 
Qualitative traits such as tassel type, foliage and leaf orientation allowed differentiation of all 
IBLs, although low variation was observed for most of the traits. The low variation shown by 
most of the qualitative traits indicated a low phenotypic plasticity of these characters, and thus a 
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low environmental effect over the traits. This suggested that characterisation of qualitative traits 
may be done in one natural environment (Gustavo et al., 2011). Leaf orientation and foliage are 
important traits in relation to ground cover and the distribution of light in the canopy. Lines L5 
and L8 were able to achieve good ground coverage as well as intercept more light. Lines such as 
L1 and L6 showed erect and narrow leaves and would be ideal for intercropping. The inbred 
lines with erectophile leaves could also be planted at higher plant populations, where moisture 
and fertility are not limiting for production of high yields. In the present study, the early 
maturing inbred lines yielded less than the late maturing lines. It has been previously reported 
that inbred lines that differ in canopy architecture and time to maturity have large grain yield 
differences (Westgate et al., 1997). This is because the late maturing genotypes have a longer 
grain filling period.  
 
The majority of inbred lines showed erectophile leaf orientation, which is an advantage as this 
type of orientation intercepts more light efficiently, but does not cover the ground as quickly as 
would pendant-orientated leaves. The pendant leaves are better able to smoother weeds and 
would be desirable in the EC, where farmers have very limited capacity to deal with weed 
infestation in their fields (Fanadzo et al., 2010). Husk covering for the majority of IBLs was 
good. This trait is particularly important to farmers because poor husk covering exposes the ear 
to bird and insect damage. Cob rots may also occur at a high frequency when husk covering is 
poor, due to entry of moisture through the tip of the cob as reported by Warfield and Davis 
(1996). 
 
 
 
69 
 
The high root and stem lodging of IBLs L6 and L7 overrode the good traits they possessed and 
made their future use as parental lines uncertain as they were not adapted to the agro-ecology of 
the UFH research farm. High percentages of root and stem lodging might serve as indicators of 
poor adaptation to an environment. The low yield exhibited by L12 could have been a result of 
stem lodging (22.73%). Inbred lines L7 and L19 showed lower yields, which could have been a 
result of a large ASI (4 days), suggesting that these lines lacked good synchronisation of anthesis 
and silking.  
 
 Ear length is an important trait for local farmers who usually sell some of their maize as green 
mealies as a way of raising income. Local maize consumers prefer white long ears; hence the 
length plus colour of the grain affect the marketability of green mealies in the EC (Muchara, 
2011). Inbred lines L13, L14, L21 had long ears and might be good parents for green mealie 
hybrids. Traits that showed low coefficient of variance (CV) values such as ear length, number 
of rows per ear and number of kernels per row may not be easy to select for or make 
improvements. These would be more amenable to improvement through breeding as suggested 
by Bello et al. (2012a). Grain yield, root and stem lodging showed high levels of variation. As 
reported by Huh et al. (2008), high CVs are associated with increased diversity, while 
Diederichsen (2010), reported that high coefficients of variation can be used to distinguish 
groups. 
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3.5.2 Principal component analysis 
 
The separation of inbred lines was mainly due to days to flowering (that is, days to anthesis and 
silking) and yield components. Principal component 1 represented variables reflecting flowering, 
while principal component 2 reflected yield and its components. The traits that had high loading 
values in the first five components indicated their importance as maize descriptors and would be 
useful for differentiation of maize genotypes. Principal component analysis was able to identify 
the most important traits for classifying the variation among the IBLs. Kamara (2003), similarly 
used PCA to identify traits that accounted for most of the variance among different maize 
genotypes.  
 
3.5.3 Cluster analysis 
 
The results generally revealed that there is some genetic diversity among the CIMMYT-QPM 
inbred lines. Clustering produced groups highly analogous to the pedigree information. The 
inbred lines were clustered into three groups. Inbred lines in cluster three seemed to possess 
genes for earliness as indicated by the fewer days to flowering, compared to clusters one and two 
(Figure 3.1). These inbred lines could be used as potential sources of earliness as they will be 
able to complete their crop cycle before the occurrence of the mid-season and late-season 
droughts common in the EC. However, they would not be suitable for improvement of traits such 
as grain yield.  
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 The high yielding inbred lines in cluster two could be used for the development of high yielding 
cultivars, although the genetic diversity was low to moderate. These inbred lines would be 
suitable for high potential areas in the EC, such as Flagstaff, Butterworth and Lusikisiki. For the 
improvement of ear length, reduced ear height, plant height and high grain yield, inbred parents 
can be sought from cluster two. Plants in cluster one may have been susceptible to root lodging 
due to their height, and would not be suitable for areas that receive above average rainfall. The 
correlation coefficient between root lodging and plant height could not be established because 
the root lodging values were not significantly different for the inbred lines. The outcome of 
cluster analysis was consistent with the results of PCA, whereby the major differences between 
clusters were attributed to the same traits that contributed most to the first and second principal 
components. 
  
There was no clear grouping of inbreds according to heterotic groups. According to Vivek et al. 
(2008), heterotic groups are manmade and the classification of inbred lines into groups is a 
constantly evolving process. Nonetheless, it is important to use heterotic groups as they increase 
the probability of success. In this study, unclassified inbred lines were crossed with other inbred 
lines with known heterotic groups (see section 4.1.2). Vivek et al. (2008) reported that 
unclassified IBLs could be used although the probability of success was lower, but not 
impossible. This was highlighted from the results in chapter five, where the highest yielding 
progeny was a cross between lines from heterotic group B and an unclassified group. It was clear 
from Vivek et al. (2008) that heterotic groups (HGs) were used as a tool and not necessarily a 
restrictive rule. 
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3.5.4 Correlation analysis 
 
The objective of correlation analysis was to explore which quantitative traits were strongly 
associated. This is useful in selecting secondary traits that simultaneously influence yield. The 
correlation coefficient between grain yield and anthesis-silking interval was low and negative (r 
= -0.08). Similar results were obtained by Magorokosho et al. (2003) under well watered 
conditions.  Phenotypic correlation coefficients reported were between r = -0.08 to 0.21. The 
relationship between grain yield and ears per plant was also low, suggesting that these secondary 
traits are less useful under well watered conditions. These results corroborate with findings by 
Magorokosho et al. (2003) and Bolanos and Edmeades (1996). The results also showed that 
grain yield was positively correlated with flowering. This is in agreement with other reports in 
literature (Magorokosho et al., 2003). However, this association was not significant in this study 
although significant correlations have been reported by Banziger et al. (2000). 
 
The interrelationship between yield and its contributing components can significantly improve 
the efficiency of QPM breeding programmes. This can be achieved through the use of ideal 
selection indices, since direct selection for yield is often misleading as it is influenced by 
environmental conditions (Talebi & Babaeian, 2007). Plant height was positively correlated with 
days to anthesis as was observed by Troyer and Larkins (1985). In this study, plant height was 
significantly and positively associated with ear height, days to anthesis and days to silking as 
similarly reported by Chinnadurai and Nagarajan (2011). In addition, grain yield increased with 
an increase in chlorophyll content. 
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The association between anthesis and silking dates with grain yield was positive and non-
significant, this corroborates with findings of Muhammad & Muhammad (2001).The fact that 
anthesis-silking interval and ears per plant were negatively correlated with each other implied 
that reduced anthesis-silking interval would result in an increase in the number of ears per plant. 
Similar findings have been reported by Magorokosho et al. (2006). Kernel weight was positively 
correlated with grain yield but this correlation was not significant in this study. Monneveux et al. 
(2006) reported similar observations although the correlation coefficient for 1000 kernel weight 
and grain yield was significantly positive. 
 
3.5.5 Diversity studies using molecular markers 
 
The polymorphism generated by gel electrophoresis of alleles amplified by the PCR can be used 
to estimate the relatedness, or diversity of inbred lines. In this study, each maize chromosome 
had at least two SSR loci that had been mapped to it, except for chromosome 6 which had one. 
Coverage of the maize genome was therefore reasonably comprehensive. The mean PIC value in 
this study (0.37) was lower than those reported previously by Li et al. (2006), (0.66) or Senior et 
al. (1998) (0.59). The lower PIC value was probably related to inclusion of SSR primers with 
low discriminatory power. In studies by Smith et al. (1997), average PIC for SSRs evaluated was 
0.62, which was 40% higher than what was observed in this study. A PIC value of zero means 
that the primers were monomorphic, while a PIC of one means the primers had very high 
discriminatory power with many alleles in equal frequencies. The high PIC value in studies by 
Smith et al. (1997) were attributed to the use of acrylamide gels which were able to detect a 
larger number of alleles compared to agarose gels. Although acrylamide gels were also used in 
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this study, PIC values were still lower. The loci that were amplified by these primers may have 
been largely monomorphic among the lines that were investigated which could imply that there 
was limited diversity among the lines. This assertion seems to be substantiated by the low 
genetic distances that were observed between inbred lines which may be attributed to sample size 
or limited number of germplasm accessions used. 
 
All the SSRs amplified one band of the expected size, but had other additional bands per inbred 
line. According to Senior et al. (1998), such results may indicate that there was residual 
heterozygosity in the inbred lines. The frequency of the major allele was high, suggesting that 
the alleles were found in equal frequencies, and that the primer had a high discriminatory power. 
Di- repeats have been reported to display a large number of alleles than tri, tetra or penta-
nucleotides repeats. However, in this study only one di-nucleotide repeat primer was used, phi 
112, which failed to amplify well. 
 
The low genetic distances exhibited by the inbred lines suggest low genetic diversity, and hence 
the lines were closely related. The genetic distances enable a breeder to decide on which 
materials to cross to make new genetic combinations and maximise on heterosis. Molecular 
markers can be used to predict heterosis with some accuracy before yield evaluation of 
genotypes. The lack of genetic diversity may lead to vulnerability to new diseases and 
retardation of breeding progress, hence the need to introduce germplasm from different sources 
and wild relatives or landraces.  
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3.5.5.1 Cluster analysis 
 
Cluster analysis revealed three clusters. According to the pedigree data, lines L1 and L15 should 
have been grouped together as their pedigree showed a close relationship with both lines having 
parent CLQRCWQ50 in common. However, inbred line L1 was instead grouped in cluster 3, 
while L15 was in cluster 1. Some of the clustering was agreeable with pedigree data. Several 
researchers have reported that pedigree data is concordant with clustering done using the Ward 
and UPGMA clustering methods (Warburton et al., 2002 and Betran et al., 2003a). For example 
lines L11 and L16 were grouped close to each other in the same cluster and both lines have line 
CML 176 in common, just as lines L14 and L8 were close due to the common parent TMZ1703 
in their pedigree. This therefore suggests that these lines share the same genes because of their 
origin. 
 
3.6 Conclusion 
 
Results of investigations showed that there was high diversity in the QPM inbred lines based on 
qualitative and quantitative traits. Large variations were observed for endosperm modification 
and husk cover as opposed to other qualitative traits. Days to silking, days to anthesis, anthesis-
silking interval, ear length and number of kernels per row contributed more to inbred line 
diversity. Quality protein maize inbred lines were clustered into three groups. However, the 
clustering pattern based on SSR primers was different from that of morpho-agronomic 
characterisation. Analysis of genetic distance provided evidence of low to moderate genetic 
diversity in QPM inbred lines. According to the morpho-agronomic diversity study, some 
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promising IBLs were identified which exhibited superior characteristics such as high grain yield, 
and resistance to root and stem lodging, such as L20. Inbred lines such as L1 and L6 were 
identified as good IBLs for use in intercropping while L13, L14 and L21 were identified as the 
best IBLs for developing cultivars with long ears.  
 
3.7  Recommendations 
 
The moderate level of variability exhibited by this set of inbred lines indicates that heterosis 
could be utilised to produce a superior hybrid which can be used to enhance maize production in 
the EC. The promising inbred lines L13 and L20 which were superior for important plant 
characteristics could be successfully utilised in a breeding programme that is aimed at improving 
yield and  nutrition of the community in which maize is grown. Parents for hybridization can 
also be selected from the different clusters. However, for an effective QPM breeding programme, 
inbred lines from other sources need to be included. 
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CHAPTER 4  
 
COMBINING ABILITY OF QUALITY PROTEIN MAIZE INBRED LINES FOR 
SEEDLING TOLERANCE TO DROUGHT STRESS 
 
Abstract 
Drought is an important abiotic stress which significantly reduces maize yields in South Africa. 
The objective of the study was to estimate the combining ability effects and gene action of 
quality protein (QPM) maize inbred line seedlings to drought stress. Twenty one QPM inbred 
lines were mated in seven sets using a North Carolina design II mating scheme. Forty five 
experimental hybrids and three commercial checks were evaluated in a 6x8 alpha-lattice 
incomplete block design in three replications. The 21 inbred lines were evaluated in a 
randomised complete block design in three replicates. All genotypes were grown in 50 cm long 
PVC pipes for 21 days in a glasshouse at the University of Fort Hare, in October 2011. The 
seedlings were exposed to two moisture levels, which were 25% and 75 % of field capacity (FC). 
Traits recorded were chlorophyll content, canopy temperature, leaf area, leaf number, leaf roll, 
plant height, root and shoot fresh weight, root and shoot dry weight, root dry weight to shoot dry 
weight ratio, stem diameter and total dry weight. Drought susceptibility index (DSI) was 
determined for all genotypes using the total dry weight as a criterion. Significant variation 
existed among the genotypes for all traits at 75% FC. Chlorophyll content, canopy temperature 
and shoot fresh weight showed no significant (P > 0.05) difference at 25% FC. The root dry 
weight to shoot dry weight ratio was significantly increased (3.5%) at 25% FC compared to 75% 
FC, while all other traits were significantly reduced at 25% FC. Results of genetic analyses 
showed that general (GCA) and specific (SCA) combining ability effects were significant for all 
traits, except for chlorophyll content and stem diameter at 75% FC. At 25% FC, GCA variance 
was significant for all the traits except chlorophyll content and stem diameter, whereas SCA was 
significant for leaf number, leaf roll, plant height, root fresh weight, root dry weight, shoot dry 
weight, root dry weight to shoot dry weight ratio and total dry weight. At 75% FC, canopy 
temperature, leaf area, leaf number, plant height, and root to shoot ratio exhibited a 
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preponderance of non-additive gene action, while additive gene action was operative for all the 
remaining traits. At 25% FC, plant height and stem diameter were influenced mostly by SCA 
effects, accounting for 64% and 55.4% of the sum of squares, respectively. Across both moisture 
conditions, cross combinations L8xL17, L5xL4, L5xL2, L16xL18 and L14xL2 were identified 
as the best crosses as they had significantly high SCA for most of the traits measured while 
inbred lines L2, L4, L16, and L18 were selected as the best lines since they exhibited high GCA 
effects for most of the traits. The most drought tolerant hybrids, in order of tolerance, were L18 x 
L11, L16 x L18, L8x L21 and L9x L6. The most drought tolerant inbred lines (showing the least 
DSI), in order of tolerance, were L18, L9, L8, and L6. Inbred lines L18, L9, L8 and L6 can 
therefore be recommended as good candidates for use as sources of genes further drought 
tolerance studies.  
 
4.1 Introduction 
 
A greater proportion of the population in the Eastern Cape, especially communal farmers, rely on 
maize as a major source of energy throughout the year. This high dependence on maize results in 
several malnutrition diseases such as Kwashiorkor. Pregnant women, lactating mothers, young 
children and the sick are mostly predisposed to diseases due to malnutrition. For this reason, 
maize cultivars with an improved amino acid profile are required. Quality Protein Maize (QPM) 
has been found to greatly reduce the risk of malnutrition due to its several benefits (Akumoa-
Boateng, 2002). The importance of maize in the EC and nutritional benefits were presented in 
section 2.1 and 2.2.2 respectively.  
 
However, not much maize is grown in the province due to several constraints. According to 
Banziger et al. (2000), low maize productivity in Southern Africa is attributed mainly to low soil 
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N, but is also as a result of drought stress occurring in farmers’ fields. Production zones in the 
Eastern Cape (EC) are prone to drought because rainfall is unpredictable with regards to quantity 
and distribution during the growing season (Austin, 1989). Although rainfall exceeds 700 mm in 
the north eastern parts of the province, the amount of rainfall for the rest of the province is often 
not adequate for agricultural production due to a high evaporative demand (Van Averbeke, 
2011). Drought mostly affects resource-poor farmers in marginal areas of the EC. These farmers 
have limited capacity to irrigate, and cannot afford to replant once the initial planting fails.  
 
Drought has a negative impact on plant growth and affects physiological, biochemical, 
morphological and molecular processes (Li et al., 2002). The ability of a crop to withstand 
moisture stress is of immense importance, and the development of drought tolerant cultivars is 
becoming a high priority in agricultural research due to the ever increasing unreliability of 
rainfall, and more recently, climate change. A report by Tollefson (2011) indicated that drought 
tolerant cultivars could increase yields by 10-34%.  
 
Seedling establishment is one factor that limits maize production in the smallholder sector 
(Banziger et al., 2000; Foti et al., 2008). According to Banziger et al. (2000), seedling 
establishment is affected by soil moisture, and the final crop stand primarily depends on seedling 
survival. A reduced crop stand translates to reduced grain yield per hectare, which necessitates 
identification of genotypes that have tolerance to seedling drought stress. Findings by Khan et al. 
(2004) and Ahsan et al. (2011) have shown that drought tolerance at the seedling stage is 
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correlated to tolerance at later growth stages and could be exploited as a means for selecting for 
enhanced drought tolerance in maize. 
There has been limited research towards improving maize seedlings for tolerance to drought 
stress. Previously insignificant selection gains were reported after three selection cycles for 
improved biomass production and survival under seedling drought stress using field based 
protocols (Banziger et al., 1997, Mugo et al., 1998). This was attributed to high environmental 
variance, which lead these authors to suggest that more success could be obtained by screening 
large numbers of diverse maize germplasm in more controlled environments such as glasshouses 
(Grezsiak et al., 2007, 2012).   
 
In order to develop superior genotypes possessing drought tolerance, there is need to understand 
the genetic mechanism based on different morpho-physiological traits (Mitra, 2001). It is 
necessary to recognise and understand the plant traits as they have a strong positive correlation 
with drought tolerance and higher yield under drought conditions. Drought has complex 
polygenic tolerance mechanisms associated with additive and non-additive gene action. 
 
Therefore, the objectives of this study were to; (i) evaluate the performance of seedlings of 45 
experimental hybrids and three checks, along with 21 parental inbred lines, under drought and 
non-drought stress, (ii) identify the type of gene action exhibited by genotypes that are tolerant to 
seedling drought stress. The hypotheses tested were; (i) there are no differences in the 
performance of the experimental hybrids, checks and parental inbred lines under seedling 
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drought stress, (ii) Tolerant seedlings exhibit the same type of gene action when exposed to 
seedling drought stress. 
 
4.2  Materials and methods  
4.2.1 Study site 
 
This experiment was conducted in a glasshouse at the UFH (32º 47’ 51’’S and 27º 50’ 55’’ E) in 
October 2011. Average temperature in the glasshouse was 30° C.  The experiment ran for 4 
weeks from time of sowing till harvesting. 
 
4.2.2  Plant materials and generation of crosses 
 
The experimental materials comprised of 21 white QPM inbred lines. This germplasm was 
planted during the 2010/2011 summer season. Three commercial checks, which were namely SC 
701 (white), QS 7719 (white) and QS 7646 (yellow), were used. SC701 has been reported to be 
susceptible to drought stress (Mabhaudhi, 2010) and was used as a susceptible control.  
 
The inbred lines were divided into seven sets, each with three inbred lines (Table 4.1). The three 
inbred lines in one set were used as females, and crossed with three inbred lines from the other 
set of males, based on the North Carolina mating design II (NCD II) (Hill et al., 1998). Each 
inbred line was used as a female in one set, and as a male in another set. A total of 63 
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experimental hybrids were produced (7 sets x 9 hybrids). The ears were harvested, dried and 
shelled manually and kept in a cold room for use during the season 2011/2012. Two of the sets in 
the NCD II did not produce enough seed, resulting in the omission of their 18 F1 hybrids from 
further evaluations. Forty-five F1 hybrids were therefore evaluated.  A list of inbreds and hybrids 
that were screened is presented in Appendix 4. 
Table 4.1 Characteristics of 21 inbred lines used in a North Carolina design II mating 
scheme 
Inbred Line 
Heterotic 
Group 
*Category 
Male 
Set 
Female 
Set 
6 A DT 1 4 
7 A DT 1 4 
19 - S 1 4 
13 B - 2 5 
17 - S 2 5 
21 B S 2 5 
10 B DT 3 1 
15 B - 3 1 
16 B S 3 1 
4 - DT 4 6 
9 B DT 4 6 
20 A - 4 6 
2 B DT 5 7 
8 B - 5 7 
11 B DT 5 7 
1 A - 6 2 
3 B DT 6 2 
5 B DT 6 2 
12 B - 7 3 
14 B - 7 3 
18 - S 7 3 
*Category - DT- Drought tolerant, S –drought susceptible, - Not classified 
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4.2.3 Experimental design and trial establishment 
 
Forty five experimental F1 hybrids that produced enough seed, three commercial hybrids, and 21 
parental inbred lines were subjected to simulated drought stress. A 6x8 alpha lattice incomplete 
block design was used with three replications for the 45 experimental hybrids and checks. A 
randomised complete block design with three replicates was used for the 21 parental inbred lines. 
Pine bark and hygromix growing media, mixed at a ratio of 2:1 by volume was used. Polyvinyl 
chloride (PVC) columns (50cm in length and 11cm in diameter) were filled with the media 
mixture and one end of the column was sealed with duct tape, and perforated to allow drainage. 
Columns were supported by a wire grid in the glasshouse.  
 
4.2.4 Drought treatments 
 
 4.2.4.1 Determining the water holding capacity of the column. 
 
The water holding capacity of the growing media was determined by watering the PVC columns, 
and then allowing excess water to drain until a constant weight was obtained. This was done by 
weighing the column with water daily until there was no further water loss. Field capacity (FC) 
was considered to have been attained when constant volumetric water content was reached 
(Delta-T Devices, 2005). An SM200 soil moisture sensor and HH2 meter (Delta T Devices, UK) 
were used to read the percentage of volumetric water content at FC. This value was then used to 
calculate 25% (stressed) and 75% (non- stressed) of the field capacity. The moisture content was 
monitored by use of both the SM200 soil moisture sensor and HH2 meter. When the moisture 
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level fell below the required volumetric water content, water was added to bring it back to the 
desired FC level. The plants were grown for 21 days in both non-drought stress (75% FC) and 
drought stress conditions (25% FC). 
 
4.2.4.2 Trial management  
 
Hydrogro fertiliser (N= 65g/kg; P= 45g/kg; K=240g/kg; Mo= 50 mg/kg; Zn= 200mg/kg) was 
applied at a rate of 5g/5l of water. Weeds were controlled by hand pulling. Irrigation was done 
by use of a calibrated cylinder as and when necessary. No incidences of diseases or pests were 
observed throughout the duration of the experiment. 
 
4.2.4.3 Data collection  
 
Maize seedlings were monitored over a 21 day period after germination. Seedlings were visually 
scored for leaf rolling using a scale from 1 to 5; with 1 indicating no roll and 5 completely rolled. 
Data was recorded for stem diameter using a digital venier calliper (Mitutoyo Absolute 
Digimatic). Plant height was measured with a measuring tape from the base of the plant to the 
youngest fully expanded leaf. Leaf number was visually determined by counting all the leaves on 
the plant. Canopy temperature was measured using an infrared thermometer (Sentry st643), 
while leaf area was determined using a Magic Wand portable scanner (VuPoint solutions). 
Chlorophyll content was measured using a SPAD meter (Minolta). Fresh and dry root and shoot 
weights were measured using a digital scale. Dry shoot and root weights were measured after 
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drying at 60º C until a constant weight was obtained. The root dry weight to shoot dry weight 
ratio was calculated using the root and shoot dry weights.  
 
4.3 Statistical analysis 
 
Data for the various traits for each environment, 25% and 75% of FC, were subjected to analysis 
of variance (ANOVA) using the unbalanced treatment design in Genstat statistical package 
Edition 12 for the F1s. Data for inbred lines was subjected to ANOVA using the randomised 
complete block design. Where varietal differences were found, means were separated using 
Tukey’s test. The two stress levels were treated as two separate environments. The ANOVA is 
outlined in Table 4.2. Mean squares of treatments that showed significant differences, based on F 
tests, were partitioned into general combining ability (GCA) and specific combining ability 
(SCA) effects.  
Table 4.2 Outline of Analysis of variance of 45 experimental hybrids under drought and 
non drought environments  
 
Source df 
Environment 1 
Sets 4 
Hybrids/Sets 40 
GCAf/sets 10 
GCAm/sets 10 
SCA/sets 20 
Env. x sets 4 
Env. x hybrid/sets 40 
Env. x GCAm/sets 10 
Env. x GCAf/sets 10 
Env. x SCA/sets 20 
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To calculate the general combining ability of females and males (GCAf, GCAm), and SCA 
effects, the following formulae were used; 
GCAf = Xf -µ, GCAm=Xm -µ        (i) 
SCAx=Xx –E (Xx) = Xx – [GCAf + GCAm + µ]     (ii) 
SCAx=SCA for a cross; Xx= Observed mean value of the cross. E (Xx) = Expected value of the 
cross based on 2 GCA of its parents (GCAf, GCAm) (Hill et al, 1998). 
 
Genetic analyses for traits were performed in JMP 10 (SAS, 2012) following Residual Maximum 
Likelihood procedure (REML). Genotypes were treated as fixed, while replications and blocks 
were treated as random effects. Inbred parents and experimental hybrids were ranked according 
magnitude of their GCA and SCA, respectively. The relative importance of GCA and SCA cross 
effects were computed as a proportion of cross effects sum of squares (Hallauer and Miranda, 
1988). The following NDC II linear model was used: 
Yijkl=µ+ mi +fj + (mf) ij +pijk + ri + eijkl 
Where,  
Yijk is the observed value of the progeny of the i
th
 male crossed with j
th
 female in the k
th
 
replication,  
μ is the overall population mean, 
mi is the effect of the i
th
 mother,  
fj is the effect of the j
th
 father mated to the i
th
 mother,  
(mf) ij is the interaction effect between the i
th
 mother and the j
th
 father,  
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pijk is the effect of the k
th
 progeny from the cross between i
th
 mother and j
th
 father,  
rl is the effect of the l
th
 replication,  
eijk is the experimental error (Hill et al., 1998). 
 
Drought stress tolerance of each genotype was determined by calculating a drought susceptibility 
index (DSI) using total dry matter on the basis of the formula of Fischer and Maurer, (1978). 
Firstly the drought intensity index was calculated as follows: 
     
  
  
                                     (iii) 
 
Where D is the drought intensity index, 
Xs and Xi are the overall means of all cultivars in drought stress and non-drought stress 
conditions, respectively. 
 
 The formula proposed by Fischer and Maurer (1978) to calculate DSI was used as follows: 
        
  
  
               (iv) 
Where Ys and Yi are the mean yield of a given genotype under drought stress and non-drought 
stress conditions respectively and D is the drought intensity index. Data was analysed using 
analysis of variance in JMP10 (SAS, 2012) and means were separated using Tukey’s test. 
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4.4 Results 
 
4.4.1 Mean performance of inbred lines under drought-stressed and non-stressed 
conditions  
 
Inbred lines differed significantly (P ≤ 0.05) for leaf number, root fresh weight, root dry weight, 
shoot fresh weight and shoot dry weight, root dry weight: shoot dry weight ratio and total dry 
weight at both 25%(stressed) FC and 75% (non-stressed) FC (Table 4.3). Means of most traits 
were greatly reduced at 25% FC, when compared with 75% FC. Root dry weight ranged from 
1.96 g for inbred L15 to 3.9 g (L10) at 25% FC, and the distribution was wider, from 5 g (L18) 
to 7.82 g (L1) at 75% FC. The best performing inbred lines at 75% FC for root dry weight were 
L1, L11, L4 and L2 and they were previously classified as being susceptible to drought by 
CIMMYT (Table 4.1). At 25% FC the best performing inbred lines for root dry weight were 
L10, L9, L11 and L6 (Table 4.3). The highest RDW: SDW ratio was shown by L1 (0.86), 
whereas L21 had the least ratio (0.47) at 25% FC. RDW: SDW ratio ranged from 0.49 (L14) to 
0.83 (L21) at 75% FC. L21 showed crossover effect in that it was the least performer under 
drought stress conditions, but it was the best under non-drought conditions. A highly significant 
(P ≤ 0.001) increment of 3.5% in RDW: SDW ratio was observed at 25 % FC compared to 75% 
FC. In terms of leaf rolling, only 19% of the inbred lines showed leaf rolling scores greater than 
or equal to 3.0. Based on leaf rolling, the most drought susceptible parent was L19, with the 
highest leaf roll score of 4.0. 
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Table 4.3 Means of inbred lines for various traits under drought (25% FC) and non-drought stress (75% FC) 
  Inbred LN LN RDW RDW RDW:SDW RDW: SDW RFW RFW SDW SDW TDW TDW 
line 25%FC 75%FC 25%FC 75%FC 25%FC 75%FC 25%FC 75%FC 25%FC 75%FC 25%FC 75%FC 
L1 4.00 6.67 2.63 7.82 0.86 0.82 4.32 7.58 4.48 9.51 7.12 17.33 
L 2 3.67 6.33 3.61 7.36 0.86 0.76 4.35 8.25 4.70 9.68 8.31 17.04 
L 3 4.00 5.67 3.40 6.23 0.86 0.66 4.34 7.63 4.61 9.48 8.02 15.71 
L 4 3.33 6.67 2.31 7.48 0.85 0.74 4.15 8.62 4.8 10.05 7.11 17.53 
L 5 3.33 6.67 2.71 6.16 0.79 0.64 4.38 7.32 4.65 9.62 7.36 15.78 
L 6 4.00 8.00 3.74 7.05 0.78 0.74 4.44 7.31 4.78 9.52 8.52 16.57 
L 7 3.67 6.33 2.93 6.09 0.77 0.63 5.07 7.79 4.45 9.77 7.38 15.86 
L 8 3.00 5.67 2.88 5.88 0.74 0.62 3.49 6.64 5.18 9.47 8.06 15.35 
L 9 3.33 7.00 3.82 5.97 0.74 0.61 4.32 7.67 4.43 9.71 8.25 15.68 
L 10 2.67 6.67 3.90 6.69 0.72 0.66 4.08 7.23 4.52 10.13 8.42 16.81 
L 11 4.00 7.33 3.74 7.49 0.70 0.80 4.33 7.16 4.33 9.41 8.02 16.89 
L 12 4.00 6.33 3.00 7.09 0.68 0.83 3.51 7.33 3.51 8.52 6.51 15.61 
L 13 2.67 5.67 2.58 6.25 0.66 0.69 4.45 6.37 3.68 9.11 6.26 15.37 
L 14 2.33 6.00 2.67 5.51 0.62 0.49 3.21 5.56 3.40 11.22 6.07 16.73 
L 15 3.67 5.67 1.96 5.46 0.60 0.66 3.56 5.31 4.16 8.31 6.12 13.78 
L16 3.00 5.67 3.41 6.97 0.59 0.75 3.37 5.50 4.71 9.35 8.12 16.32 
L 17 3.00 6.33 2.62 6.40 0.58 0.76 3.59 6.13 3.89 8.40 6.50 14.80 
L 18 3.00 5.00 2.22 5.00 0.56 0.63 3.36 5.60 4.62 7.90 6.83 12.90 
L19 3.00 5.00 2.44 5.36 0.53 0.73 3.46 5.37 3.31 7.30 5.75 12.66 
L 20 4.00 5.67 2.53 5.91 0.48 0.69 3.49 6.45 4.18 8.55 6.71 14.46 
L 21 2.33 5.33 2.25 6.32 0.47 0.83 3.66 5.58 3.77 7.58 6.02 13.90 
P(0.05) *** ** *** *** *** *** *** *** *** ** *** *** 
SED 
(5%) 0.56 0.53 0.38 0.31 0.05 0.08 0.2 0.17 0.4 0.43 0.58 0.57 
CV% 11.05 12.41 7.18 12.95 8.04 14.19 3.63 5.25 5.29 12.16 4.53 9.69 
** P ≤ 0.01, *** P ≤ 0.001. LN-leaf number, RDW-root dry weight, RFW-root fresh weight, SDW-shoot dry weight, RDW: SDW- root dry weigh to shoot dry weight ratio, 
TDW-total dry weight
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4.4.2 Mean performance of hybrids under drought-stressed and non-stressed conditions  
 
 There were significant differences among hybrids for all traits measured (P ≤ 0.05) at 75% FC, 
whereas at 25 % FC, significant differences were found for all traits except for chlorophyll 
content, and shoot fresh weight (Appendix 5). Mean values for all traits measured were greatly 
reduced at 25 % FC except for canopy temperature and RDW: SDW ratio which increased under 
drought conditions. The hybrid SC701 showed the least leaf area, leaf number, root dry weight, 
shoot dry weight, and total dry weight among the checks at 25% FC (Table 4.4). However, 
SC701 showed the highest RDW: SDW ratio at 25% FC and 75% FC compared to the other 
QPM checks. QS7719 out yielded the other checks in terms of total dry weight, root dry weight, 
and shoot dry weight under drought stress conditions (Table 4.4).  Plate 4.1 shows the different 
maize seedlings in the greenhouse under two moisture levels. 
 
Table 4.4 Means of agronomic traits for hybrid check cultivars 
75%FC 
            
 
CC CT LA LN PH RDW RDW:SDW RFW SDW SFW TDW SD 
SC701 32.43 24.17 80.01 6.3 33.5 6.68 0.76 5.49 8.74 23.65 15.41 7.61 
QS7719 33 24 90.85 5.6 39.67 6.94 0.44 5.99 18.71 33.32 22.96 9.04 
QS7646 35.57 23.77 78.84 7 30.33 8.11 0.43 6.38 16.02 29.02 25.71 7.55 
25% FC 
            
 
CC CT LA LN PH RDW RDW:SDW RFW SDW SFW TDW 
 
SC701 36.23 29.77 62.64 3 31.46 2.19 0.674 3.43 3.26 10.24 5.44 
 
QS7719 36.9 27.03 64.12 3.33 30.5 2.99 0.474 3.36 6.3 8.08 9.29 
 
QS7646 34.9 31.6 78.23 3.33 29 2.39 0.434 2.39 5.53 8.01 7.92 
 
CC-chlorophyll content, CT- Canopy Temperature, Leaf area-LA, Plant height-PH, RDW=root dry weight, RFW-root fresh 
weight, RDW:SDW- root to shoot ratio, TDW-total dry weight, LR-leaf roll, SDW-shoot dry weight, SFW- =shoot fresh weight, 
LN-LN, SD –stem diameter 
 
 
 
 
 
91 
 
 
Plate 4.1 Maize genotypes under seedling drought stress at 75% FC (left) and 25% FC 
(right) 
 
4.4.3 Drought susceptibility index 
 
Drought susceptibility indices using total dry weight (DSItdw) as a criterion indicated that there 
was genetic variability in response to drought in both inbred lines and F1 hybrids. Variations in 
DSItdw ranged from 0.88 to 1.19 for the inbred parents and from 0.80 to 1.28 for the hybrids. The 
values of DSItdw enabled the ranking of inbred lines and hybrids according to their drought 
tolerance (Table 4.5 and Table 4.6). 
 
The ranking of the inbred lines based on DSItdw showed that 33% of the lines classified as 
drought tolerant by CIMMYT were drought tolerant at the seedling stage (DSItdw < 1). The top 
four were inbred lines L18, L9, L8 and L6, in order of decreasing drought tolerance. For the 
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hybrids, the drought tolerant group (DSItdw < 1) comprised of cross combinations L18 x L11, 
L16 x L18, L8 x L21, L9 x L6, L15 x L18 and L11 x L21.  SC701 was among the 47.92 % 
hybrids susceptible to seedling drought with a DSI. > 1. 
Table 4.5 Drought susceptibility index and ranking of QPM inbred lines  
Inbred line CIMMYT drought category Drought susceptibility index Rank 
L 18 S 0.88
a 
1 
L 9 DT 0.88
a 
2 
L 8 NC 0.88
ab 
3 
L 6 DT 0.91
ab 
4 
L 3 DT 0.91
ab 
5 
L 10 DT 0.93
ab 
6 
L16 S 0.94
ab 
7 
L 2 DT 0.95
ab 
8 
L 11 DT 0.97
ab 
9 
L 5 DT 0.99
ab 
10 
L 7 DT 1.00
ab 
11 
L 20 NC 1.00
ab 
12 
L19 S 1.02
ab 
13 
L 15 NC 1.04
ab 
14 
L 17 S 1.04
ab 
15 
L 21 S 1.06
ab 
16 
L 12 NC 1.09
ab 
17 
L1 NC 1.10
ab 
18 
L 13 NC 1.10
ab 
19 
L 4 DT 1.11
ab 
20 
L 14 NC 1.19
b 
21 
L-line, S- drought susceptible, DT- drought tolerant, NC-not classified  
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Table 4.6 Drought susceptibility indexes for hybrids (experimental and checks)  
 
 
Hybrid 
+
Category DSI Rank  Hybrid Category DSI Rank 
18*11 S*DT 0.80
c
 1  20*6 NC*DT 1.00
abc
 25 
16*18 S*S 0.80
c
 2  2*17 DT*S 1.01
abc
 26 
8*21 NC*S 0.81
c
 3  16*12 S*NC 1.01
abc
 27 
9*6 DT*DT 0.82
c
 4  12*8 NC*NC 1.01
abc
 28 
15*18 NC*S 0.83
c
 5  QS7719 NC 1.02
abc
 29 
11*21 DT*S 0.86
bc
 6  5*9 DT*DT 1.02
abc
 30 
1*20 S*NC 0.89
bc
 7  16*14 S*NC 1.02
abc
 31 
10*12 DT*NC 0.90
bc
 8  11*17 DT*S 1.03
abc
 32 
4*6 DT*DT 0.90
bc
 9  9*19 DT*S 1.04
abc
 33 
18*8 S*NC 0.91
bc
 10  2*13 DT*NC 1.04
abc
 34 
2*21 DT*S 0.91
bc
 11  18*2 S*DT 1.04
abc
 35 
8*13 NC*NC 0.92
abc
 12  10*18 DT*S 1.05
abc
 36 
3*4 DT*DT 0.93
abc
 13  14*2 NC*DT 1.05
abc
 37 
20*19 NC*S 0.93
abc
 14  1*4 NC*DT 1.06
abc
 38 
5*20 DT*NC 0.94
abc
 15  14*8 NC*NC 1.07
abc
 39 
15*14 NC*NC 0.94
abc
 16  12*2 NC*DT 1.08
abc
 40 
8*17 NC*S 0.94
abc
 17  4*19 DT*S 1.10
abc
 41 
14*11 NC*DT 0.95
abc
 18  9*7 DT*DT 1.10
abc
 42 
15*12 NC*NC 0.95
abc
 19  11*13 DT*NC 1.10
abc
 43 
5*4 DT*DT 0.96
abc
 20  4*7 DT*DT 1.14
abc
 44 
12*11 NC*DT 0.96
abc
 21  3*20 DT*NC 1.14
abc
 45 
3*9 DT*DT 0.98
abc
 22  20*7 NC*DT 1.15
abc
 46 
1*9 NC*DT 0.98
abc
 23  QS7646 NC 1.20
ab
 47 
10*14 DT*NC 0.99
abc
 24  SC701 S 1.28
a
 48 
SDV 0.10 
  
 
    
DSI TDW- Drought susceptibility index for total dry weight, DSI-Drought susceptibility index, DT
a
- Drought 
tolerance of genotypes, DT-Drought tolerant, NC- not classified, S- drought susceptible 
+
Categorisation of parental genotypes based on CIMMYT’S evaluation for drought tolerance 
 
4.4.4 Correlations between total dry weight and other traits 
 
At 25% FC, total dry weight for inbred lines was significantly (P ≤ 0.05) correlated with leaf 
area, root dry weight, RDW: SDW ratio, shoot dry weight and root fresh weight (Appendix 12). 
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At 75% FC total dry weight was significantly (P ≤ 0.05) correlated with leaf number, root dry 
weight, root fresh weight and shoot dry weight (Appendix 13). For the hybrids at 25% FC 
significant correlations where observed for total dry weight with leaf area, canopy temperature, 
leaf roll, shoot dry weight and root dry weight (Appendix 14), while at 75% FC total dry weight 
was significantly correlated with plant height, root dry weight, root fresh weight, RDW: SDW 
ratio and shoot dry weight (Appendix 15). Total dry weight had a significant and negative 
correlation with leaf roll and leaf area at 25% FC, as well as RDW: SDW ratio at 75% FC. The 
phenotypic correlations between total dry weight and other agronomic traits indicated that shoot 
dry weight and root dry weight resulted in an increase in total dry weight under drought and non-
drought conditions for both hybrids and inbred lines.  
 
4.4.5 Combining ability estimates 
 
General and specific combining ability estimates of parental inbred lines were ranked according 
to direction and magnitude for both moisture levels and are presented in Appendices 6-11. Mean 
squares for females (F) and males (M) and the interaction female x male (FxM) were significant 
for most of the traits at 75% FC, except for leaf number and plant height, where the mean 
squares for females were not significant (Table 4.7) The F x M interaction for stem diameter was 
not significant (P > 0.05) at 75% FC (Table 4.7). 
 
At 25% FC, mean squares were not significantly different for females, males and F x M for 
canopy temperature, chlorophyll content, and stem diameter. However, highly significant 
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differences were shown for females, males and F x M interaction mean squares for the following 
traits; leaf number, leaf roll, root dry weight, shoot dry weight, total dry weight. Analysis of 
variance (ANOVA) for RDW: SDW ratio at 25% FC showed that only male mean squares were 
not significant (P > 0.05), whereas, females and F x M were significant at P ≤ 0.05 and P ≤ 
0.001, respectively (Table 4.7).  
 
Table 4.7 Mean Square values for traits measured under 25% and 75% field capacities. 
Source 25 %FC 75%FC 
 GCAm GCAf SCA GCAm GCAf SCA 
Chlorophyll content 7.65ns 5.11ns 8.08ns 20.79*** 17.29** 9.80ns 
Canopy temperature 19.07* 10.18 8.35 34.33*** 14.74** 25.33** 
Leaf area 130.42*** 52.80 79.27 277.1* 368** 46.75*** 
Leaf number 0.70*** 1.04*** 0.69*** 0.95** 0.64 1.14*** 
Leaf roll 4.21*** 1.68*** 0.53*** - - - 
Plant height 24.78 22.91 42.31** 11.76 29.35*** 27.33*** 
Root dry weight 1.86*** 0.85*** 0.94*** 4.85*** 6.95*** 2.31*** 
RDW: SDW 0.02 0.03* 0.05*** 0.02*** 0.01*** 0.02*** 
Root fresh weight 6.17*** 2.19*** 0.67*** 18.90*** 15.82*** 3.25*** 
Stem diameter 1.93 0.97 1.58** 10.80* 16.15*** 5.28 
Shoot dry weight 2.54*** 1.50* 1.80 32.98*** 21.78*** 8.73*** 
Shoot fresh weight 4.16* 1.49 1.17 57.76*** 41.59** 24.76* 
Total dry weight 7.66*** 3.19** 2.62*** 57.41*** 48.35*** 10.49*** 
- - data not recorded; * P ≤ 0.05; ** P ≤ 0.01; ***P ≤ 0.001. GCAm-male general combining ability, GCAf- 
female general combining ability, SCA-specific combining ability, FC- Field  capacity 
-  
 
 
96 
 
At 75% FC, canopy temperature, leaf area, leaf number, plant height, and RDW: SDW ratio 
exhibited preponderance of non- additive gene action whereas, all the other remaining traits 
revealed dominance of additive gene action (Table 4.8). At 25% FC, plant height and stem 
diameter were influenced by SCA effects, which accounted for 64% and 55.4% of the sum of 
squares, respectively (Table 4.8). Although not significant, GCA effects for plant height and 
stem diameter contributed 36% and 44.6 % of the variances, respectively.  
 
4.4.5.1 General combining ability (GCA) effects 
 
A wide range of variability of GCAf and GCAm effects was observed among the inbred parents 
at both 25% FC and 75% FC, although none of the parents showed good combining ability for all 
the traits (Appendices 6-9). High and positive GCA values were desirable in all traits, except 
canopy temperature and leaf roll. High and positive GCAf, GCAm values for chlorophyll content 
were observed for lines L16 and L18, respectively, at 75% FC. The mean square ratios of GCAm 
to GCAf were similar for chlorophyll content at both 25% and 75% FC. There were no 
significant differences in mean squares of genotypes at 25% FC for chlorophyll content. At 75% 
FC, female parent 14 and male parent 11 showed ideal combining ability estimates for canopy 
temperature because they had significantly high and negative GCA values for this trait.  Mean 
squares for GCAm were twice GCAf for canopy temperature at 75% FC, while mean squares for 
GCA m only were significant at 25% FC (Table 4.7). 
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Table 4.8 Percentage of sum of squares attributable to GCA and SCA for agronomic traits 
at 25% and 75% field capacities 
Trait Field capacity 
(%) 
GCAf GCAm SCA  
Chlorophyll content 75 
25 
29.98 ns 
17.66ns 
36.04*  
26.46ns 
33.98 ns 
55.88ns 
Canopy temperature 75 
25 
14.78 ns 
21.73ns 
34.43* 
42.62* 
50.79 ns 
35.65ns 
Leaf area 75 
25 
23.29 ns 
15.45ns 
17.54* 
38.16* 
59.17 ns 
46.39* 
Leaf number 75 
25 
19.77ns 
33.17* 
29.43* 
22.51* 
70.58* 
44.31* 
Leaf roll 75 
25 
- 
24.20* 
- 
60.66* 
- 
15.14* 
Plant height 75 
25 
12.28* 
17.32ns 
30.65ns 
18.73ns 
57.08* 
63.96* 
Root fresh weight 75 
25 
38.38* 
22.50* 
45.86* 
63.58* 
15.75* 
13.82* 
Root dry weight 75 
25 
42.33* 
18.58* 
29.57* 
40.55* 
28.10* 
40.88* 
RDW: SDW ratio 75 
25 
14.87* 
19.61* 
27.60* 
14.95* 
57.53* 
65.43* 
Stem diameter 75 
25 
 
43.06* 
14.90ns 
28.79* 
29.70ns 
28.15ns 
55.40* 
Shoot fresh weight 75 
25 
27.94* 
18.70ns 
38.8* 
52.04* 
33.26* 
29.26ns 
Shoot dry weight 75 
25 
30.16* 
20.82* 
45.67* 
35.34* 
24.17* 
43.84ns 
Total dry weight 75 
25 
38.15* 
19.83* 
45.29* 
47.60* 
16.56* 
32.57* 
Ns- Not significant, * (P ≤ 0.05), - data not recorded 
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General combining ability for leaf area at 75% FC revealed female parent 16 and male parent 7 
as good combiners. Female parent 16 was also a good combiner at 25% FC, while male parent 
18 showed high and positive general combining ability. At 25% FC, only GCAm was significant 
for leaf area. Interestingly, parent 16, a susceptible inbred line, showed high GCA estimates 
under both drought and non drought conditions. The GCA estimates revealed that female and 
male parents 4 and 6, respectively, were ideal combiners for leaf number at 75% FC (Appendix 
10 and 12). However, only GCAm were significant at 75% FC. At 25% FC, female parent 4 and 
male parent 14 showed the highest positive GCA values for leaf number. Mean squares for GCAf 
were 1.5 times more than GCAm (Table 4.7). Female parent 4, a drought tolerant inbred line, was 
an ideal combiner for leaf number under both drought and non drought conditions. Additionally, 
the same female parent had positive and high GCA values for root dry weight at 75% FC. 
 
General combining ability estimates for leaf roll were calculated only for 25% FC because there 
was no leaf rolling at 75% FC. Male parent 2 and female parent 4, both drought tolerant inbred 
lines, had the highest negative GCA values for leaf roll (Appendix 7 and 9). Although parent 4 
possessed high and positive GCA for traits such as leaf number and root dry weight at 25% FC, 
it had the least GCA values for plant height, leaf area, chlorophyll content, and RDW: SDW ratio 
at 75% FC. Leaf roll mean squares for GCAm were 2.5 times more than GCAf. 
 
Estimates of GCA for plant height revealed that only GCAf had significant mean squares at 75% 
FC (Table 4.7). Female parent 16 had the highest GCA value for this trait at 75% FC (Appendix 
6). There were no significant GCAf estimates at 25% FC for plant height (Table 4.7). Good 
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general combiners for root fresh weight were female and male parents 4 and 6, respectively, at 
75% FC. At 25% FC, drought tolerant parents 2 and 4 showed high and positive GCAf and 
GCAm for root fresh weight. Root fresh weight mean squares for males were 2.5 times more than 
GCAf at 25% FC, whereas at 75% FC, mean squares for GCAm and GCAf where similar for the 
same trait. Parent 4 was shown to be an ideal general combiner at both moisture levels for root 
fresh weight, both as a male and as a female. Parents 12 and 7 showed high and positive GCAf 
and GCAm, respectively, at 75% FC for root dry weight (Appendix 6 and 8). Mean squares for 
root dry weight were higher for male GCA than female GCA at 25% FC (2.12: 1) while at 75% 
FC; mean squares due to GCAm were similar to mean squares due to GCAf (1: 1.4) (Table 4.7). 
 
General combining ability analysis for shoot fresh weight revealed that drought tolerant inbreds 
5 and 6 had high and positive GCAf and GCAm, respectively, at 75% FC (Appendix 6 and 8). 
Mean square ratios for males to female were similar (1: 1.4) at 75% FC. However, only male 
mean squares were significant for shoot fresh weight at 25% FC (Table 4.7) and high GCA 
values were shown by male parent 12, which is an experimental inbred line. Parents 12 and 14 
had the highest GCAf and GCAm, respectively, for shoot dry weight at 75% FC, while drought 
tolerant female parent 3 and male parent 6 had high and positive GCA values at 25% FC 
(Appendix 7 and 9). Mean square ratios for male to female parents were almost similar at 25% 
FC and 75% FC, being 1.69:1 and 1.5:1, respectively (Table 4.7). 
 
Mean squares for RDW: SDW ratios for GCAm were twice the mean squares for GCAf under 
non-drought conditions (Table 4.7). Under drought stress, only mean squares for GCAf were 
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significant for RDW: SDW ratio (Table 4.7). At 75% FC, inbred parents 9 and 21 were identified 
to be ideal female and male general combiners for RDW: SDW ratio, while inbred L11 had high 
and positive GCAf at 25% FC (Appendix 7). The highest GCA estimates for SD at 75% FC was 
shown by female parent 16 and male parent 6. These parents have both been previously 
identified as good general combiners for CC, LA and PH at 75% FC (Appendix 6 and 8). Mean 
square ratios of male to females for SD were similar (1:1.5). 
 
General combining ability analysis for total dry weight revealed that parent 11 had high GCAm 
estimates, while parent 12 had high GCAf estimates at 75% FC (Appendix 8 and 6). Similar 
results were obtained at 25% FC, where parent 12 showed high GCAf and parent 6 had high 
GCAm for total dry weight (Appendix 7 and 9). The differences in the ratio of GCAm and GCAf 
mean squares were 2.4:1 and 1.2:1 under drought stress and non drought stress, respectively 
(Table 4.7). Overall, inbred lines, L2, L4 and L12 were good combiners both as male and female 
parents for most of the traits. Generally, inbred line 16 was a good combiner only as a female 
parent, whereas inbred line 6 was a good combiner as a male parent at both 25% FC and 75% FC 
for traits that showed significant differences. 
 
4.4.5.2 Specific combining ability estimates 
 
Specific combining ability (SCA) estimates are presented in Appendix 10 and 11. Estimates of 
SCA effects were significant for all traits measured at 75% FC (P ≤ 0.05), except for chlorophyll 
content and stem diameter (Table 4.8). However, at 25% FC, SCA effects were significant for all 
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traits, excluding canopy temperature, leaf area, plant height and stem diameter. The magnitude 
and direction of SCA effects for the top ten and bottom ten crosses varied considerably between 
the two moisture levels (Figures 4.1 and 4.2). Negative SCA effects were desirable for canopy 
temperature and leaf roll, while positive effects were desirable for the rest of the traits.
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Figure 4.1 Mean estimates of specific combining ability (SCA) effects for the top and bottom ten crosses under 75% FC 
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(b)                                           Cross combination 
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 Figure 4.1 Mean estimates of specific combining ability (SCA) effects for the top and bottom ten crosses under 75% FC 
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(e)                                           Cross combination 
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(f)                                                     Cross combination 
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Figure 4.1 Mean estimates of specific combining ability (SCA) effects for the top and bottom ten crosses under 75% FC 
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Figure 4:2 Mean estimates of specific combining ability (SCA) effects for the top ten and bottom ten crosses under 25% FC  
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(a)                                                Cross combination  
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(c)                                                        Cross combination 
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Figure 4:2 continued. Mean estimates of specific combining ability (SCA) for the top ten and bottom ten crosses under 25% FC
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(f)                                                  Cross combination 
Root fresh weight 
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(f)                                                         Cross combination 
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 Figure 4:2 continued. Mean estimates of specific combining ability (SCA) for the top ten and bottom ten crosses under 25% FC
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(h)                                                 Cross combination 
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Specific combining ability effects were not significant for chlorophyll content at both 25 % and 
75% FCs (Table 4.8). Among the progeny evaluated for canopy temperature at 75% FC, cross 
combination L9 x L6 yielded the most significant negative SCA effects (Figure 4.1a). A negative 
SCA for this trait was desirable. Results for leaf area indicated that cross L15 x L12 had the 
highest positive SCA, and the least was shown by cross L10 x L12 at 75% FC (Figure 4.1b). At 
25% FC, the SCA effects were not significant (P ≥ 0.05). Results for leaf number showed 
significant SCA effects at both 75% FC and 25% FC. Cross L5 x L4 had the highest SCA 
estimates (2.59) for leaf number at 25% FC, whereas cross L8 x L17 had the highest positive 
SCA estimate (0.74) at 75% FC. Cross combination L5 x L4 consisted of drought tolerant lines, 
while the best crosses identified at 75% FC involved a drought susceptible and an experimental 
line. 
 
The SCA effects were significant for plant height under both conditions. At 75% FC, cross 
combination L11 x L17 showed the highest SCA, while cross L1 x L9 had the least SCA 
estimate. Cross L5 x L2 had the highest SCA estimate at 25% FC, while cross L1 x L2 had the 
highest negative SCA estimates. Leaf roll scores were recorded only at 25% FC. Specific 
combining ability analysis revealed that cross L18 x L2 had the most negative SCA, while cross 
L18 x L8 had the highest positive SCA value. Both the highest and lowest specific combiners for 
leaf roll comprised a drought tolerant and drought susceptible inbred line. 
 
Specific combining ability analysis at 75% FC showed that cross combination L8 x L17 had the 
highest positive SCA estimate for root dry weight, with cross L20 x L7 showing the highest 
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negative SCA estimate (Appendix 10). The results showed that cross combination L5 x L2 had 
high and positive SCA estimates for root dry weight, RDW: SDW ratio and plant height at 25% 
FC (Appendix 11). Cross combination L20 x L6 had the highest SCA values for root fresh 
weight, with cross L20 x L19 exhibiting the most negative SCA value at both 25% and 75% FC. 
Interestingly, at 25% FC, the highest SCA estimates were shown by cross L16 x L18 for root 
fresh weight, both of which are classified as drought sensitive. 
 
The highest SCA for RDW: SDW ratio was shown by cross L18 x L8 at 75% FC, whereas cross 
L5 x L4 had the highest SCA at 25% FC. Cross L1 x L2 consistently exhibited the least SCA as 
shown for RDW: SDW ratio and other traits namely; plant height, leaf number, and root dry 
weight at 25% FC. Specific combining ability estimates were only significant at 75% FC for 
stem diameter. Cross combination L16 x L18 had the highest positive SCA for stem diameter, 
while cross L10 x L18 had the highest negative SCA estimates (Fig 4.1g). Similarly, cross L10 x 
L18 showed the highest negative SCA estimates for RDW: SDW ratio at 75% FC (Appendix 
10). Cross combination L10 x L18 lacked significant and positive GCA for stem diameter and 
RDW: SDW ratio, but displayed significant, positive and high SCA for shoot dry weight at 75% 
FC. On the other hand, cross L14 x L2 exhibited a significant and positive SCA estimate for 
shoot dry weight at 25% FC (Appendix 11). 
 
Although cross L20 x L19 exhibited the highest negative SCA estimate for root fresh weight 
under both conditions, it showed the highest SCA effects for shoot fresh weight at 75% FC 
(Appendix 14). At 25% FC, cross combination L10 x L12 had a significant positive SCA effect 
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for shoot fresh weight but notably, exhibited negative SCA for leaf area at 75% FC. SCA effects 
were significant for total dry weight at 25% FC and 75% FC. Cross combination L18 x L11 
showed a significant and positive SCA effect at 75% FC for total dry weight (Fig 4.1i), while 
cross L14 x L2 had the highest SCA estimate at 25% FC for total dry weight (Fig 4.2f).  
 
Overall, the experimental hybrids that showed significant positive SCA effects for all the traits 
had at least one parent possessing significant and positive GCA for that trait. There was an 
exception for canopy temperature and leaf roll where the desired GCA estimates were highly 
negative. However, some cross combinations, such as L8 x L17, had high and significant SCA 
effects for root dry weight though the parental inbred lines did not possess high GCA values for 
the same trait. Throughout the study, none of the cross combinations that had significant (P ≤ 
0.05) SCA effects had both parents exhibiting significant (P ≤ 0.05) GCA effects for each of the 
traits.  
 
4.5 Discussion 
 
The study looked at the effects of drought on the growth of maize seedlings, and used 
morphological traits to determine the drought tolerance or susceptibility of inbred lines and their 
F1 progeny. This was achieved through calculating the DSI, which enabled ranking of inbred 
lines and progeny according to their drought tolerance.  
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4.5.1 Performance of hybrids and inbred lines 
 
Hybrids (experimental and commercial checks) had superior performance compared to the 
inbreds for all traits as shown in Appendix 5. The experimental hybrids showed better 
performance for some of the traits compared to the commercial hybrids under both conditions as 
indicated in Appendix 5. Significant differences observed among inbred lines, experimental 
hybrids and checks indicated the existence of variation for the various traits, which will enable 
selection for improved tolerance to seedling drought stress. Similar results were obtained for 
maize seedlings evaluated under drought stress (Ahsan et al., 2011; Ali et al., 2011; Obeng-Bio 
et al., 2011).  
 
Drought stress has been found to inhibit photosynthesis of plants by altering chlorophyll content, 
thereby affecting chlorophyll components and damaging the photosynthetic apparatus (Chaves et 
al., 2002). Moisture content is important in the synthesis of chlorophyll, with higher chlorophyll 
content contents realised under non-drought than under drought conditions. Under drought stress, 
chlorophyll content in drought susceptible genotypes was decreased compared to the tolerant 
genotypes. The decrease in chlorophyll content may have been associated with the damage of 
chloroplasts by reactive oxygen species (ROS) (Khayatnezhad et al., 2011).  
 
Reactive oxygen species are chemically reactive molecules containing oxygen. They are 
produced in different compartments of the plant cell under drought and non-drought conditions 
(Khayatnezhad et al., 2011). When plants are faced with drought, ROS are generated as a result 
 
 
112 
 
of the inhibition of photosynthesis and predominance of photorespiration (Noctor et al., 2002). 
Reactive oxygen species are required as signalling molecules, but a high concentration such as 
that produced under drought stress is detrimental to the plant (Noctor et al., 2002). Therefore, a 
decrease in chlorophyll content suggests a strong loss of photosynthetic reaction centres. 
Manivannam et al. (2007) and Khayatnezhad & Gholamin (2011) also reported reduced 
chlorophyll levels under drought stress. Khayatnezhad & Gholamin (2011) established that there 
is a close relationship between leaf chlorophyll content and ultimate yield under irrigated and 
dryland conditions. In addition, Liu et al. (2012) reported that high chlorophyll content is 
suggestive of greater radiation use efficiency. Inbred lines that exhibited higher chlorophyll 
contents under drought stress, such as L16 and L18, would be useful in breeding for higher yield. 
  
Canopy temperature measurements at 25% FC were much higher compared to 75% FC. This was 
an indication that genotypes exposed to 75% FC experienced less water stress, and hence were 
more able to maintain transpiration compared to genotypes at 25% FC. As a result of reduced 
transpiration, nutrient uptake of plants may have been reduced, as reported by Ali et al. (2008). 
According to Chaves et al. (2003), one of the plants’ earliest responses to moisture stress is 
stomatal closure, which limits transpiration and CO2 absorption. This leads to higher canopy 
temperatures and decreased photosynthetic activity. Genotypes with high canopy temperatures at 
25%FC were found to be drought susceptible, such as L12.  
 
The range of variation between the largest leaf area and smallest leaf area was 55% in non-
drought stress, and 34% in drought stressed conditions. The leaf area of a plant is associated with 
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transpiration rates. This indicated that there was more variation in non-drought stress conditions 
than drought stressed. The reason for this is that, during drought, cell growth and expansion is 
slower, resulting in a reduced leaf area for photosynthesis. The level of reduction in leaf area 
observed under 25% FC (18.89%) is similar to the findings of Sah and Zamora (2005), who 
reported leaf area reductions of 15% under water stress. In addition, drought stress greatly 
influenced the total number of leaves at the end of the experiment, with leaf number under non-
drought stress conditions almost double those under drought stress. This implied that the release 
of new leaf shoots is influenced by the availability of adequate soil moisture. 
 
Drought stress reduced plant height during the seedling stage and this finding is consistent with 
reports by Rezaeieh (2011) and Obeng-Bio et al. (2011). Plant heights of all experimental 
hybrids under non-drought stress were higher than their corresponding drought stressed 
counterparts. As expected, plant height was consistently greater in hybrids than inbred lines 
confirming the presence of heterosis. Yordanov et al. (2000) attributed the decrease in plant 
height to a decrease in photosynthetic activity, which is a result of stomatal and non-stomatal 
limitations. Reductions in plant height under drought stressed conditions have previously been 
associated with drought resistance. A reduction in plant height is a drought tolerance mechanism 
since the above ground surface area from which water is lost is reduced (Camacho and 
Caraballo, 1994; Bolanos and Edmeades 1993). 
 
Genotypes that had leaf rolling scores greater than 3 may be termed susceptible to drought 
(Obeng-Bio et al., 2011). Leaf rolling has been implicated in limiting the absorption of light by 
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the photosynthetic systems, and reducing the loss of water through transpiration, eventually 
impairing dry matter production. Mugo et al. (1998) indicated that a high degree of leaf rolling is 
subsequently associated with low yields. Reduced leaf rolling has been proposed as a stress 
adaptive trait (Chapman and Edmeades, 1999; Blum, 1988). According to Obeng-Bio et al. 
(2011) genotypes that maintain lower degrees of leaf rolling exhibit high cell turgor, thus 
demonstrating high water use efficiency. 
 
Drought stress significantly reduced root and shoot fresh and dry weights for both hybrids and 
inbred lines, which is in agreement with many reports (Camacho and Caraballo, 1994; Mehdi et 
al., 2001; Efeoglu, 2009; Manavalan et al., 2011; Rezaeieh et al., 2011). The high root dry 
weight of cross combination L5 x L20 indicated that it was efficient in acquisition of water and 
other nutrients. This observation agrees with the findings of Obeng- Bio et al. (2011). High root 
dry weight at the seedling stage has been associated with vigorous plant growth in the field 
(Manavanalan et al., 2011). Leach et al. (2011) highlighted that the root system plays an 
important role in reducing losses associated with drought during seedling establishment. In 
addition, Rezaeieh et al. (2011) reported that maize genotypes with low root dry weight under 
seedling drought stress are less tolerant to drought stress at later growth stages. Lopes and 
Reynolds, (2010) demonstrated that drought tolerant genotypes that have deeper roots can access 
more water and maintain stomatal conductance, have cooler canopies and hence photosynthesize 
more. According to Khan et al. (2004), a maize plant that exhibits more roots at seedling stage 
subsequently develops a stronger root system, produce more dry matter and other yield 
determining characters. Rezaeieh et al. (2011) concluded that variation in maize seedlings, 
particularly root dry weight in response to drought, reflects high potential grain yield at maturity. 
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As was the case with root dry weight, the level of reduction in shoot dry weight observed at 25% 
FC was similar with the reductions reported by other researchers (Mehdi et al., 2001; Khan et al., 
2004; Sah and Zamora, 2005). Rezaeieh et al. (2011) reported that reduced shoot dry weight 
during seedling growth would consequently result in low yields. A wide range of shoot dry 
weight was expected under drought conditions since this trait is greatly influenced by the ability 
of different genotypes to grow under moisture limited conditions. Total dry weight was greatly 
reduced under drought stress compared to non-drought stress by 57.56%. This was because 
photosynthetic processes were affected by low soil moisture, eventually resulting in less total dry 
matter. Similar, findings have been reported by Obeng- Bio et al. (2011). A high total dry weight 
under drought stress conditions has been associated with drought tolerance (Rezaeieh et al., 
2011). 
 
Inbred lines exhibited varied drought tolerance using RDW: SDW ratio as a criterion under 
drought stress. The top three drought tolerant inbred lines had all been classified as drought 
tolerant lines by CIMMYT. Similar results have been reported by Liu and Tollenaar, (2008) who 
reported a high RDW: SDW ratio under drought stress for tolerant genotypes. Wu and Cosgrove 
(2000) found that the increase in the RDW: SDW ratio is because roots are less sensitive than 
shoots to growth inhibition caused by low soil moisture. Greater root density and depth of 
penetration are important morphological adaptations under moisture stress conditions because 
they facilitate improved capacity to extract water. Maize seedlings may also have been able to 
adapt under drought by making the walls in the apical part of the root more extensible, hence 
increasing cell expansion, as reported by Grzesiak et al. (2012). 
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Highly significant correlation coefficients between root and shoot weights were observed in this 
study, for both experimental hybrids and inbred parents under both conditions. This corroborated 
with findings of Nguyen et al. (2011) in maize seedlings. Non-significant correlation coefficients 
were shown between plant height and total dry weight, suggesting that there were other 
contributing factors and taller genotypes did not necessarily result in high total dry weight. 
Under drought stress tall genotypes had low root dry weight, which could also explain the poor 
association between plant height and total dry weight. However, the significant positive 
correlations between total dry weight and shoot dry weight, stem diameter, root fresh weight and 
root dry weight were an indicator that increases in these traits result in increased total dry weight, 
which may be linked to higher yield under field conditions. Significant correlation between plant 
height and total dry weight was observed at 75% FC. This also suggests that an increased plant 
height will result in high total dry weight which is associated with high yields. 
 
4.5.2 Gene action for agronomic traits  
 
The parents involved in the study showed significant GCA and SCA effects, which were either 
positive or negative. The higher magnitude of variances due to GCA effects at 25% FC 
suggested a preponderance of additive gene action for all traits, except plant height and days to 
silking. This suggested that effective selection or systematic hybridization can be employed to 
improve these traits. Gichuru et al. (2011) suggested that where SCA mean squares were not 
significant, the performance of single crosses could be predicted on the basis of GCA effects. 
However, the absence of significant SCA effects for canopy temperature and chlorophyll content 
under drought stress in this study was not desirable since heterosis cannot contribute gains for 
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these traits as reported by Betran (2003a). Inconsistencies of GCA/SCA effects under drought 
stress and non-drought stress may imply that different genes were involved for the various traits 
under the two moisture conditions. 
 
General combining ability effects associated with inbred parents and SCA effects associated with 
crosses were not consistent across moistures levels. Similar findings have been reported by 
Pswarayi and Vivek (2008), as well as Betran (2003a). In the present study, high negative GCA 
and SCA effects were desirable for canopy temperature and leaf roll, whereas high and positive 
effects were desirable for all other traits. The low GCA effects indicated that the mean of a 
parent in crossing with the others did not differ greatly from the grand mean of the crosses. On 
the other hand, high values of GCA effects indicated that the parental line was superior to the 
grand mean (Hallauer and Miranda, 1988). According to Vasal (1992), positive SCA effects tend 
to imply that lines were in different and complimentary heterotic groups, while negative SCA 
tend to indicate that lines were in the same heterotic group. However, in the present study this 
was not the case for traits such as leaf area and root dry weight, where both parental inbred lines 
such as L5 and L20, were from the same group, and yet still exhibited significantly high SCA for 
root dry weight. 
 
Although mean squares were similar for GCA and SCA for chlorophyll content, both GCAm and 
GCAf effects were significant under non-drought stress indicating the importance of additive 
gene effects over non-additive gene action. Contrary to the results obtained in this study, Rad et 
al. (2012) found that SCA effects were more important in the expression of chlorophyll content. 
However, work by Betran et al. (2003b), although working on field maize exposed to drought 
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stress, revealed that GCA effects were highly significant for chlorophyll content, thereby 
supporting the findings of this study.  
 
The study revealed that besides non-additive gene action, additive effects also played a role 
under non-drought conditions for leaf area. However, only additive gene effects were expressed 
under drought stress, which was also observed by Aliu et al. (2008) for leaf area. Experimental 
hybrids expressed both negative and positive GCA effects for leaf area. It was not possible to 
prove that inbred lines with good GCA estimates usually have good SCA, as suggested by Vasal 
et al. (1993). Under drought stress, most of the hybrids that had a high leaf area had at least one 
parent classified as drought tolerant. 
 
Non-additive gene action was found for number of leaves in this study. This is in accordance 
with a report by reported Premlatha & Kalamani (2010). In addition, additive gene action also 
played a role as shown by Revilla et al. (1999). Significant mean squares for GCAm, GCAf and 
SCA effects for leaf roll indicated that both additive and non-additive gene action played a role 
in determining the degree of leaf roll in the genotypes. Notably, GCA mean squares due to males 
were 2.5 times higher than those of their female counterparts.  
 
Different combinations of high GCAm and GCAf for total dry weight resulted in higher total dry 
weight. However, combinations of low GCAm and GCAf resulted in low total dry weight. The 
total dry weight of genotypes was dependent on both GCA and SCA, suggesting the use of 
genotypes with high GCA and SCA in order to eventually attain high yields. Seedling dry matter 
has been reported to be positively correlated to final grain yield (Rezaeieh et al., 2011). The 
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importance of GCA for various traits has been reported to increase as drought stress increases 
(Betran et al., 2003a; Makumbi, 2005). As suggested by Derera (2005), additive gene action can 
be used to develop stress tolerant inbred lines by selection, while non-additive gene action can be 
used to develop hybrids by utilising inbred lines identified to combine well for tolerance.  
 
4.5.3 Drought susceptibility Indexes 
 
The lowest DSI values indicated that the genotypes were more tolerant to drought stress using 
total dry weight as a criterion. Reports by Rosielle and Hamblin (1981) suggested that selection 
for drought tolerance is equivalent to selecting for a low yield depression under drought. Of the 
inbred lines that were classified as drought tolerant by CIMMYT’s classification, 33% exhibited 
drought tolerance at seedling stage. It can be inferred that L8 was drought tolerant since its cross 
combination with L21 was ranked third according to the DSI for hybrids. Line 21 was classified 
by CIMMYT as drought susceptible.  Inbred line L8 was also ranked third under DSI for inbred 
lines.  
 
4.6 Conclusion and recommendations 
 
Increased total dry weight and low DSI implied that genotypes were drought tolerant. Inbred 
lines L8 and L9 combined high total dry weight and had low DSI. It can be inferred that L8, 
showed drought tolerance. Experimental hybrid combination L18 x L11 showed the highest 
GCA for total dry weight and had low for DSI for total dry weight. GCA: SCA ratios showed 
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that additive gene action was more dominant than non-additive gene action for, leaf area, leaf 
roll, leaf number, shoot fresh weight, shoot dry weight, root fresh weight, and total dry weight 
under drought stress. Non-additive gene action was more dominant for plant height, root dry 
weight and stem diameter. Cross combinations that showed high and positive SCA for each trait 
can be further evaluated across locations to confirm whether these QPM experimental hybrids 
can perform well under drought and non-drought conditions. Inbred lines L2, L4, L16 and L18 
are recommended for use in a breeding programme for the development of drought tolerant QPM 
cultivars as they seemed to possess seedling drought tolerance. However, further work is 
necessary to validate the suitability of these lines through crossing them with other inbred lines 
from different sources.  
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CHAPTER 5  
 
COMBINING ABILITY OF QUALITY PROTEIN MAIZE INBRED LINES FOR GRAIN 
YIELD, ENDOSPERM MODIFICATION AND OTHER AGRONOMIC TRAITS 
UNDER OPTIMUM FIELD CONDITIONS 
 
Abstract 
The study was conducted with twenty one QPM maize inbred lines varying in their drought 
tolerance. The objectives of the study were to; (i) assess the combining ability of QPM inbred 
lines for yield, endosperm modification and other morpho-agronomic traits and (ii) investigate 
the type of gene action responsible for controlling various traits under field conditions. The 
inbred lines were crossed using a North Carolina mating scheme II during the 2010/2011 season, 
to produce F1 hybrids. Forty-five experimental hybrids, along with three commercial checks, 
were evaluated in a 6x8 alpha-lattice incomplete block design with three replications. The 21 
parental inbred lines were evaluated in a randomised complete block design with three replicates. 
The highest grain yielding QPM hybrid L18 x L11 had 8.18 t/ha, while the highest yielding 
hybrid check (SC701) yielded 1.6 % less, at 8.05 t/ha. However, this yield difference was not 
significant (P ≥ 0.05). Results of combining ability analysis showed that general combining 
ability (GCA) effects were significant (P ≤ 0.05) for all traits measured, except ear length and 
plant height, indicating preponderance of additive gene action. Inbred parents, L11 and L18 were 
good sources of genes conferring higher grain yield, and the F1 hybrid they generated had the 
highest SCA effects for grain yield. The importance of both GCA effects (51%) and specific 
combining ability (SCA) (49%) was observed for grain yield. However, GCA was also more 
important for ear height (71.29%), days to anthesis (61.7 %), anthesis-silking interval (57.97%), 
ears per plant (57.94%) and number of kernels per row (59.88%). Additive gene action was pre 
dominant for endosperm modification (68.33%). The most desirable male and female GCA 
effects for endosperm modification were associated with inbred lines L6 and L4, respectively. 
Overally, L4 was a good general combiner both as a female and male parent for the majority of 
traits studied. There was no significant correlation between genetic distances and specific 
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combining ability for grain yield (r = 0.059). The following crosses had positive SCA effects for 
grain yield; L18 x L11, L14 x L2 and L10 x L12 while crosses L18 x L2, L5 x L2 and L14 x L8 
had negative SCA effects for endosperm modification. These cross combinations could be 
candidates for use in QPM breeding programmes. 
 
5.1 Introduction 
 
The Eastern Cape (EC) constitutes 13.5% of the South African population, with a rural 
population of 4.44 million, almost double that for urban areas which is 2.38 million (Pauw, 
2005). The province has the highest unemployment rate in the country, which stood at 28.4% as 
of 2009 (Provincial report 2009/2010 EC). The high levels of unemployment have led to equally 
high levels of poverty, leading to malnutrition and a dependency on government social grants. 
The average consumption of maize per capita in South Africa is 195 kg (CIMMYT, 1999). 
However, the EC province is not able to meet this demand, and therefore imports maize from 
other provinces such as Mpumalanga and KwaZulu Natal (Traub and Jayne, 2006). Despite 
climatic vagaries, the need to improve maize productivity has been made more apparent by 
population growth. Average yields of maize are as low as 1.3 t/ha, which is partly due to abiotic 
and biotic stress factors, coupled with low production potential of the soil. Scientists have 
predicted a decline in maize production in sub-Saharan Africa due to decreased rainfall and 
increased temperatures (Kotir, 2011). Presently, the need to increase production under rainfed 
conditions is hindered by drought, which is the major constraint in the (EC).  
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Quality protein maize grain yields have traditionally been considered to be lower than that of 
normal endosperm maize. It is important therefore, to develop high yielding QPM cultivars. The 
development of such cultivars with high yield potential under both drought and non- drought 
stress depends on the potential of the inbred lines and their combining ability in crosses. Equally 
important is also to identify highly modified QPM inbreds that are good combiners for 
endosperm modification. These inbred lines are ideal for use in breeding such as in a backcross 
programme aimed at converting a non QPM to QPM.  For example, inbred lines which showed 
variability in several traits have been used for the improvement of quality protein maize in 
breeding programs (Pixley and Bjarnason, 2002; Machida, 2008; Denic et al., 2012). Other lines 
or hybrids generated have been used in the development of QPM hybrids, synthetic cultivars and 
open pollinated varieties. Information on the combining ability of the inbred lines is therefore of 
importance to the maize breeder. 
 
The thrust on developing QPM hybrids  has been in recognition of the fact that hybrids are easier 
to maintain with respect to purity as opposed to open pollinated varieties (Prassana et al., 2001). 
In addition, QPM hybrids are better able to exploit heterosis, have uniform stability and 
endosperm modification. Most importantly, QPM hybrids can easily maintain the minimum 
requirement for protein quality, which enables their use in developing countries where the 
necessary laboratory facilities to analyse for tryptophan levels are not available (Prassana et al., 
2001). As of 2011, QPM was grown in 17 countries in Sub-Saharan Africa, on an area of 200 
000 hectares, 70 000 hectares of which were grown in Ghana (Mbuya et al., 2011). 
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QPM inbred lines from the International Maize and Wheat Improvement Centre (CIMMYT) 
have been used in several ways, such as in developing new QPM germplasm and to extract lines 
for hybrid work (Okello et al., 2006; Wegary, 2012). Some authors have documented the 
usefulness of some of the lines used in the present study such as, CML 176, CML 181 and CML 
182 (Okello et al., 2006).  
 
The relationship between genetic distances and specific combining ability can be used to predict 
the level of combining ability expected to be achieved in the hybrid of the lines that have been 
measured with the molecular markers. This may save time and resources by not testing hybrids 
that are not predicted to be high yielding. A correlation that is high can be used to predict the 
level of relationship or SCA (Tembo, 2007). 
 
The general objective of the experiment was to identify inbred lines that can combine well for 
grain yield, endosperm modification and other morpho-agronomic traits under field conditions. 
The specific objectives were to: (i) assess the combining ability of QPM inbred lines for yield, 
endosperm modification and other morpho-agronomic traits and (ii) investigate the type of gene 
action responsible for controlling various traits under field conditions. The null hypothesis tested 
were (i) these available QPM inbred lines are not good combiners for yield, endosperm 
modification and other morpho-agronomic traits (ii) the same type of gene action is responsible 
for controlling various traits of available QPM inbreds.  
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5.2 Materials and methods 
  
5.2.1 Study site  
Study site is described in section 3.2.1.1. 
5.2.2 Germplasm  
 Germplasm used is described in Appendix 4.1. 
5.2.3  Generation of crosses  
Experimental crosses used were generated as described in section 4.2.2. 
 
5.2.4 Experimental design  
 
Forty-five single crosses, three hybrid checks (QS7646, QS 7719 and SC701) and twenty one 
QPM inbred lines were evaluated under optimum field conditions with supplementary irrigation. 
The experimental design was a 6x8 alpha lattice incomplete block design with three replicates 
for the hybrids. On an adjacent field, a randomised complete block design with three replicates 
was used to evaluate the parental inbred lines.  
 
5.2.5 Trial establishment and management 
 
The trial was carried out during the 2011/2012 summer season; establishment and management 
are as described in section 3.2.1.3. 
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5.2.6 Data collection 
 
The following variables were recorded: plant height (PH), ear height (EH), ears per plant (EPP), 
endosperm modification (EM), days to silking (SD), days to anthesis (AD), anthesis-silking 
interval (ASI), number of kernels per row (NKR), number of rows per ear (NRE) and grain yield 
(GY). 
 
5.2.6.1 Endosperm modification 
 
The extent of opaqueness was used to assess endosperm modification for each genotype. 
Endosperm modification was scored in the plant breeding and genetics laboratory at the 
University of Fort Hare. Forty five QPM F1 hybrids and 21 inbred parents were scored on a 1-5 
scale following the method described by Vivek et al. (2008). A sample of 100 kernels from two 
self-pollinated ears per plot was used to determine endosperm modification for parental inbreds, 
for F1 hybrids, two ears were selected at random for scoring. The kernels were sorted into the 
following classes under a light table:  
 
1 =  not opaque/ 100% translucent 
2 =25 % opaque 
3 =50 % opaque 
4 =75 % opaque 
5 = 100% opaque 
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The overall endosperm score of the entry was determined by the class with the highest number of 
kernels. 
 
5.3 Statistical analysis 
 
General analyses for the incomplete lattice block design and randomised complete block design 
for hybrid and inbred data, respectively, were performed using JMP 10 statistical software (SAS, 
2012). Means were separated using the Tukey’s test. Based on the significance of F tests, mean 
squares of treatments were partitioned into general combining ability (GCA) and specific 
combining ability (SCA) effects using the North Carolina II mating design. The ANOVA was 
adopted from Kearsey and Pooni, (1996). Sum of squares of treatments were partitioned into 
GCA or SCA. Genetic analyses of data for grain yield and agronomic traits were conducted 
using a fixed effects model using Residual Maximum Likelihood procedure (REML) in JMP 10. 
Genotypes were considered to have fixed effects, while replications and blocks were considered 
to have random effects. The model used is presented in section 4.3. Inbred parents and 
experimental hybrids were ranked according to size and magnitude of their GCA and SCA 
respectively. The relative importance of GCA and SCA cross effects was computed as a 
proportion of cross effects sum of squares.   
 
Narrow sense heritability was calculated using the variance ratios in REML using JMP 10, (SAS, 
2012). Heritability estimates were calculated using the formula suggested by Hallauer and 
Miranda (1988) as follows: 
 
 
128 
 
         
  
 
    
     
   
Where  2m= male (set) variance,   
2
= random error variance,   2mf= male x female (set) variance, 
r= number of replications 
A correlation matrix was generated in JMP 10 (SAS, 2012) to determine the association between 
significant variables for experimental hybrids and inbred lines. A correlation matrix was also 
generated to determine the relationship between genetic distances (Table 3.9) and SCA estimates 
for grain yield (presented in Appendix 17). 
 
5.4 Results 
 
5.4.1 Performance of inbred lines 
 
An analysis of variance showed that inbred parents were highly significantly different for all 
traits (P ≤ 0.001), except for plant height, which was significant at the 5% level (P ≤ 0.05). 
Endosperm modification score percentages for inbred lines are shown in Table 5.1. The number 
of rows per ear was not significantly different among the inbred lines. Days to anthesis ranged 
from 80-95 days, while days to silking were between 78-95 days. Anthesis- silking interval 
ranged from -2 to 4 days. Inbred lines L8 and L18 exhibited the least ASI (-2 days), while inbred 
lines L19 and L7 showed the largest ASI of 4 days (Table 5.2). Ear length ranged from 7.77 cm 
(L9) to 15.73 cm (L13). Mean ear length of inbreds was 11.61 cm. Ear heights ranged from 0.94 
m to 2 m with an average of 1.45 m, whereas plant height was between 1.89 m - 2.85 m. 
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The average numbers of ears per plant was 1.48, with 38% of the inbreds producing only one ear. 
The number of kernel rows was variable, ranging from 18 to 26 and was significantly (P ≤ 0.05) 
correlated to the ear length (r = 0.54*). The yield of inbreds ranged from 1.11 t/ha to 2.16 t/ha. 
The highest yielding inbred parent was L20, whereas the least was L12 (Table 5.2). 
 
5.4.2 Performance of hybrids 
 
Highly significant (P ≤ 0.001) differences were observed for all traits studied). Appendix 16 
presents the mean performance of all hybrids, including checks. Endosperm modification (EM) 
score percentages are shown in Table 5.1. Range of EM scores were 1 to 4. Based on the mean 
scores, approximately 90% of the experimental hybrids evaluated had scores between 2 and 3. 
Table 5.1 Percentages of Endosperm modification for the experimental hybrids and inbred 
parents 
Endosperm modification score Percent  experimental hybrids Percent Inbreds 
1 11.11 4.76 
2 55.56 61.90 
3 31.11 28.57 
4 2.22 4.76 
5 0 0 
The least average days to anthesis (72.00 days) was obtained for cross combination L14xL8 
(Appendix 16), whereas the highest days to anthesis (83.00 days) was exhibited by L5 X L4. 
Results for days to silking  revealed hybrid L3 X L4 as showing the least number of days to 
silking (71.67 days) whereas, L14X L11 (84.67 days) and L10 x L14 (85.00 days) had the 
highest number of days to silking (Appendix 16).
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Table 5.2 Means of parental inbred lines for grain yield and other agronomic traits 
Inbred 
line 
AD SD ASI EL PH EH EPP EM NKR NRE GY 
1 94.33 i 86.67 cd 0.67 a-f 12.77 d-g 2.57 ab 1.32 a-d 1.00 a 2.67 b 27.00 cde 13.00 a 1.88 cde 
2 88.33 efg 88.33 de 0.00 a-d 8.33 a 2.41 ab 1.50 a-d 1.67 a 1.67 ab 24.33 a-d 13.33 a 1.90 c-f 
3 86.33 cde 85.67 c 2.33 d-g 10.63 bc 2.63 ab 1.69 a-d 1.67 a 1.67 ab 24.67 a-e 12.33 a 1.34 a 
4 91.00 h 83.33 b 3.67 fg 12.37 c-f 2.31 a 1.15 ab 1.00 a 1.33 ab 26.33 cde 12.67 a 1.28 a 
5 90.33 gh 88.67 def 3.33 efg 10.67 bc 2.85 b 1.72 a-d 1.00 a 1.67 ab 25.67 b-e 13.33 a 2.07 efg 
6 91.33 h 89.67 e-h 0.33 a-e 13.47 fg 2.46 ab 1.43 a-d 1.67 a 1.67 ab 26.33 cde 13.00 a 1.74 bcd 
7 86.67 cde 77.67 a 4.00 g 12.30 c-f 2.33 a 1.19 abc 1.00 a 1.67 ab 26.00 b-e 13.00 a 1.63 b 
8 85.33 cd 81.67 b -2.00 a 10.80 bcd 2.08 a 0.96 a 1.00 a 2.67 b 26.33 cde 12.00 a 1.94 d-g 
9 89.33 fgh 88.67 def 2.00 c-g 7.77 a 2.59 ab 1.54 a-d 1.33 a 2.33 ab 24.67 a-e 13.00 a 1.63 b 
10 89.33 fgh 88.67 def 3.33 efg 8.37 a 2.66 ab 1.85 bcd 1.00 a 2.00 ab 24.67 a-e 12.33 a 1.21 a 
11 90.33 gh 88.67 def 1.00 a-g 12.50 c-f 2.56 ab 1.37 a-d 1.67 a 1.67 ab 27.33 cde 12.33 a 1.87 cde 
12 84.33 bc 89.33 efg 1.33 b-g 12.83 efg 2.30 a 1.40 a-d 1.67 a 2.67 b 24.67 a-e 12.67 a 1.11 a 
13 90.33 gh 95.00 l -1.67 ab 15.73 h 2.08 a 1.27 a-d 1.67 a 1.67 ab 26.67 cde 13.00 a 2.12 fg 
14 91.00 h 91.33 ghi -1.67 ab 14.6 gh 2.67 ab 1.61 a-d 2.00 a 1.67 ab 29.67 e 14.00 a 1.29 a 
15 90.00 fgh 91.67 hij -1.33 ab 11.57 c-f 2.69 ab 1.95 cd 2.00 a 1.00 a 22.67 abc 12.00 a 1.24 a 
16 87.67 def 90.67 f-i -1.00 abc 12.70 d-g 2.22 a 1.17 abc 1.67 a 1.67 ab 29.33 de 12.33 a 1.78 bcd 
17 82.33 b 91.33 ghi -0.67 a-d 12.70 d-g 2.07 a 2.00 d 1.00 a 2.67 b 27.67 cde 13.67 a 1.67 bc 
18 79.67 a 95.00 l -2.00 a 11.43 cde 1.89 a 0.94 a 1.67 a 2.00 ab 23.33 abc 12.67 a 1.17 a 
19 85.67 cd 92.67 ijk 4.00 g 8.90 ab 2.61 ab 1.50 a-d 2.00 a 2.00 ab 19.67 a 12.33 a 1.82 bcd 
20 95.00 i 93.67 jkl 0.00 a-d 8.93 ab 2.66 ab 1.53 a-d 1.00 a 1.67 ab 21.00 ab 12.33 a 2.16 g 
21 86.67 cde 94.67 kl 2.00 c-g 14.50 gh 1.98 a 1.43 a-d 2.00 a 1.67 ab 23.00 abc 12.00 a 1.68 bc 
Mean 88.35 89.19 0.84 11.61 2.47 1.45 1.46 1.89 25.29 12.73 1.64 
SED 0.63 0.58 0.8 0.52 0.42 0.21 0.32 0.39 1.36 0.92 0.06 
CV% 0.90 0.80 117 5.5 20.60 17.4 26.50 25.50 6.60 8.90 4.50 
IBL-inbred line, ASI-anthesis-silking interval, AD-days to anthesis, SD- days to silking, EH- ear height, PH –plant height, EM- endosperm modification, EPP-ears per plant, 
EL –ear length, NKR- number of kernel rows,  NRE- number of rows per ears, GY- grain yield. Means followed by the same letter are not significantly different. 
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 When the top ten experimental hybrids were ranked according to grain yield (t/ha), 30% of them 
resulted from crossing inbreds from heterotic groups A and B. Forty percent of the top 10 crosses 
were between inbreds from these heterotic groups and those from unclassified for heterotic 
grouping. The highest yielding cross was experimental hybrid L18x L11 (a cross between lines 
from an unclassified heterotic group and heterotic group B, respectively), producing 8.18 t/ha. 
The non-QPM commercial check, SC 701, yielded 8.05 t/ha. However, average grain yield of all 
experimental hybrids was 6.04 t/ha, while that of commercial checks was 7.26 t/ha . Average 
ASI was zero for experimental hybrids, and -1.5 days for the checks. Number of ears per plant, 
ear length, and number of kernel rows were higher for checks than experimental hybrids.  
 
5.4.3 General combining ability (GCA) effects 
 
The contribution of GCA effects to the sum of squares was greater than that of specific 
combining ability (SCA) effects for all traits, with the exception of ear length and plant height 
(Table 5.4). The ratios of GCAf mean squares to GCAm for ear length, ears per plant, grain yield, 
number of kernel rows and number of rows per ear were about 1:1. 
 
5.4.3.1 Anthesis silking interval 
 
Mean squares due to GCAm (17.74) were almost similar to those for GCAf (15.32) for ASI 
(Table 5.3). Sum of squares due to GCAm and GCAf for ASI were 31.11% and 26.86%, 
respectively (Table 5.4). Total GCA effects for ASI (57.97%) were greater compared to SCA 
effects. Inbred line L15 exhibited the most negative GCAf effect (-1.78), while L10 showed high 
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and positive GCAf (2.56) days for ASI (Table 5.5). Inbred line L2 showed the most negative 
GCAm (-1.74) estimates, while L8 had the highest significant GCAm (2.15) estimate for ASI. The 
predominant genetic effects for sum of squares were GCA effects for most of the traits, as 
indicated by the proportion of additive sum of squares in Fig 5.1. 
Table 5.3 Mean squares attributable to GCAf and GCAm for yield and agronomic traits for 
experimental hybrids grown under optimum field conditions  
Trait GCAf GCAm 
Anthesis silking interval (days) 15.32*** 17.74*** 
Anthesis (days) 17.60*** 21.89*** 
Ear length (cm) 3.27* 3.15* 
Ear height (m) 0.08*** 0.19*** 
Ears/plant 0.72*** 0.74*** 
Endosperm modification 1.74*** 1.69*** 
Grain yield (t/ha) 0.75*** 0.98*** 
Kernels/row 18.65*** 19.34*** 
Number of rows/ear 4.28*** 4.75*** 
Plant height (m) 0.07*** 0.18*** 
Silking (days) 42.04*** 23.75*** 
* P ≤ 0.05, *** P ≤ 0.001 
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Table 5.4 Percentage of cross sum of squares attributable to GCA and SCA effects for yield 
and agronomic traits under field conditions 
Trait GCAf GCAm SCA 
Anthesis-silking interval (days) 26.86*** 31.11*** 42.03*** 
Anthesis (days) 27.50*** 34.20*** 38.30*** 
Ear length (cm) 20.40* 19.90* 60.2*** 
Ear Height (m) 21.25*** 50.04*** 28.71*** 
Ears/plant 28.53*** 29.41*** 42.06*** 
Endosperm modification 34.61*** 33.72*** 31.67*** 
Grain yield (t/ha) 22.11*** 28.86*** 49.03*** 
Kernels/row 29.40*** 30.48*** 40.12*** 
Number of rows/ear 24.4*** 27.06*** 48.54*** 
Plant Height 12.96*** 35.59*** 51.45*** 
Silking (days) 34.43*** 19.48*** 46.09*** 
* P ≤ 0.05, *** P ≤ 0.001 
 
 
 
 
134 
 
 
Figure 5.1 Relative importance of general combining ability (GCA), specific combining ability 
(SCA) cross effects sum of squares.  
ASI -Anthesis -silking interval, AD -days to anthesis, EL-, ear length, EH- ear height, EPP- ears per plant, EM- endosperm 
modification, GY-grain yield, NKR- number of kernels per row, NRE number of rows per ear, PH-Plant height, and SD- days to 
silking. 
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Table 5.5 General combining ability values of various traits for female parents 
IBL ASI IBL AD IBL SD IBL EH IBL PH IBL EM 
 
15 -1.78
 a
 3 -2.15
 a
 15 -2.6
 a
 5 -0.15
 a
 12 -0.2
 a
 4 -0.22
 a
  
20 -1.56
 ab
 16 -1.44
 ab
 16 -2.2
 ab
 8 -0.11
 b
 4 -0.1
 a
 9 -0.19
 a
  
16 -1
 abc
 14 -1.26
 ab
 3 -1.9
 ab
 20 -0.07
 c
 11 -0.1
 b
 20 -0.19
 a
  
18 -0.74
 a-d
 15 -0.78
 bc
 20 -1.3
 abc
 4 -0.07
 c
 16 -0.1
 bc
 2 -0.15
 ab
  
5 -0.56
 a-d
 2 -0.63
 bcd
 18 -1
 bc
 18 -0.04
 cd
 1 -0
 cd
 8 -0.15
 ab
  
11 -0.44
 a-e
 9 -0.44
 bcd
 14 -0.2
 cd
 15 -0.03
 d
 5 0.01
 de
 11 -0.04
 abc
  
12 -0.3
 a-e
 18 -0.26
 bcd
 9 -0.1
 cd
 16 -0.03
 d
 8 0.01
 e
 1 0
 a-d
  
8 -0.11
 b-f
 8 0.04
 cde
 2 -0.1
 cde
 12 -0.01
 d
 3 0.02
 e
 3 0
 a-d
  
3 0.22
 c-f
 4 0.22
 cde
 8 -0.1
 cde
 3 0.05
 e
 10 0.02
 e
 5 0
 a-d
  
1 0.33
 c-f
 20 0.22
 cde
 11 0.15
 c-f
 11 0.05
 e
 15 0.03
 ef
 12 0
 a-d
  
9 0.33
 c-f
 11 0.59
 def
 5 0.52
 def
 14 0.05
 e
 9 0.04
 ef
 14 0.07
 b-e
  
2 0.56
 def
 1 1.07
 efg
 12 1.22
 def
 10 0.06
 e
 14 0.06
 fg
 18 0.15
 cde
  
14 1.04
 ef
 5 1.07
 efg
 1 1.41
 ef
 2 0.06
 e
 2 0.06
 fgh
 10 0.19
 cde
  
4 1.22
 fg
 12 1.52
 fg
 4 1.44
 f
 1 0.1
 f
 20 0.09
 gh
 15 0.22
 de
  
10 2.56
 g
 10 2.22
 g
 10 4.78
 g
 9 0.14
 g
 18 0.1
 h
 16 0.3
 e
  
SED 0.41 
 
0.41 
 
0.4 
 
0.01 
 
0.01 
 
0.07 
 
IBL-inbred line, ASI-anthesis-silking interval, AD-days to anthesis, SD- days to silking, EH- ear height, PH –Plant height/, EM- endosperm modification. Means followed by 
the same letter are not significantly different. 
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Table 5.5 continued: General combining ability values for various traits for female parents 
IBL EPP IBL EL IBL NKR IBL NRE IBL GY 
 
15 -0.4
 a
 8 -0.98
 a
 2 -2.15
 a
 2 -1.15
 a
 8 -0.3
 a
  
20 -0.3
 ab
 12 -0.63
 ab
 9 -2.07
 a
 20 -0.78
 ab
 9 -0.25
 a
  
2 -0.2
 abc
 10 -0.5
 ab
 10 -1.3
 ab
 10 -0.63
 abc
 14 -0.22
 a
  
1 -0.1
 abc
 4 -0.41
 ab
 1 -0.96
 abc
 1 -0.44
 abc
 5 -0.18
 ab
  
5 -0.1
 abc
 3 -0.39
 ab
 12 -0.44
 a-d
 12 -0.41
 abc
 12 -0.14
 ab
  
9 -0.1
 abc
 1 -0.1
 ab
 14 -0.44
 a-d
 14 -0.24
 abc
 1 -0.12
 ab
  
12 -0.1
 abc
 9 -0.03
 ab
 15 -0.19
 a-d
 4 0
 abc
 2 -0.12
 ab
  
8 -0
 bcd
 14 0.04
 ab
 5 0.37
 bcd
 3 0.11
 abc
 4 -0.09
 ab
  
18 0
 bcd
 16 0.06
 ab
 20 0.48
 bcd
 16 0.26
 abc
 10 -0.07
 ab
  
14 0.11
 cde
 11 0.16
 ab
 3 0.59
 bcd
 5 0.33
 abc
 16 -0.06
 ab
  
16 0.11
 cde
 15 0.44
 ab
 11 0.74
 bcd
 15 0.37
 abc
 15 0.13
 bc
  
11 0.19
 cde
 20 0.44
 ab
 18 0.89
 bcd
 11 0.52
 bc
 3 0.3
 c
  
3 0.22
 cde
 5 0.49
 ab
 8 1.41
 cd
 8 0.63
 bc
 20 0.34
 c
  
10 0.33
 de
 18 0.59
 b
 16 1.48
 d
 18 0.65
 bc
 18 0.36
 c
  
4 0.44
 e
 2 0.82
 b
 4 1.59
 d
 9 0.78
 c
 11 0.42
 c
  
SED 0.1 
 
0.42 
 
0.65 
 
0.41 
 
0.09 
 
IBL- inbred line, EPP- ears per plant, EL –ear length, NKR- number of kernel rows, NRE- number of rows per ear, GY- grain yield. Means followed by the same letter are 
not significantly different. 
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Table 5.6 General combining ability values for various traits for male parents 
IBL AD IBL SD IBL ASI IBL EH IBL PH IBL EM 
8 -2.93
 a
 4 -2.26
 a
 2 -1.74
 a
 17 -0.21
 a
 8 -0.3
 a
 6 -0.22
 a
 
18 -1.67
 ab
 18 -1.67
 ab
 4 -1.44
 ab
 8 -0.2
 a
 20 -0.1
 b
 7 -0.22
 a
 
4 -0.81
 bc
 2 -1.44
 ab
 13 -1.33
 abc
 20 -0.16
 b
 21 -0.1
 bc
 19 -0.2
 ab
 
21 -0.74
 bc
 7 -1.11
 bc
 12 -1.11
 abc
 18 -0.07
 c
 4 -0.1
 cd
 13 -0.15
 abc
 
17 -0.63
 bc
 8 -0.78
 bcd
 7 -1
 abc
 6 -0.06
 c
 6 -0
 cde
 17 -0.15
 abc
 
19 -0.11
 cd
 21 -0.74
 bcd
 11 -0.41
 a-d
 14 -0.03
 d
 7 -0
 cde
 21 -0.11
 abcd
 
7 -0.11
 cd
 19 -0.22
 cde
 19 -0.11
 a-e
 21 -0.01
 de
 13 -0
 c-f
 4 -0.07
 abcd
 
20 -0.04
 cd
 13 0.04
 de
 21 0
 b-e
 19 0
 e
 12 -0
 def
 9 -0.07
 abcd
 
6 0.22
 cde
 12 0.11
 de
 18 0
 b-e
 9 0.04
 f
 14 0
 ef
 20 0
 bcde
 
2 0.3
 cde
 20 0.19
 de
 20 0.22
 cde
 7 0.07
 g
 18 0.01
 f
 2 0.04
 cde
 
14 0.44
 cde
 17 0.7
 ef
 14 1.11
 def
 11 0.09
 h
 2 0.08
 g
 8 0.07
 def
 
9 0.85
 de
 6 1.33
 fg
 6 1.11
 def
 12 0.1
 h
 19 0.08
 g
 11 0.07
 def
 
12 1.22
 de
 14 1.56
 fg
 9 1.22
 def
 2 0.1
 h
 17 0.11
 g
 12 0.15
 ef
 
13 1.37
 ef
 9 2.07
 g
 17 1.33
 ef
 4 0.11
 h
 9 0.17
 h
 14 0.17
 ef
 
11 2.63
 f
 11 2.22
 g
 8 2.15
 f
 13 0.21
 i
 11 0.2
 h
 18 0.26
 f
 
SED 0.36 
 
0.26 
 
0.44 
 
0.01 
  
0.01 
 
0.06 
IBL-inbred line, ASI-anthesis-silking interval, AD-days to anthesis, SD- days to silking, EH- ear height, PH –Plant height, EM- endosperm modification. Means followed by 
the same letter are not significantly different. 
 
 
 
 
 
138 
 
Table 5.6 continued: General combining ability values for various traits  for male parents 
 
IBL EL IBL EPP IBL NKR IBL NRE IBL GY 
4 -1.01
 a
 20 -0.44
 a
 4 -1.63
 a
 14 -0.96
 a
 8 -0.44
 a
 
17 -0.64
 a
 2 -0.22
 ab
 17 -1.37
 ab
 19 -0.89
 a
 21 -0.34
 ab
 
14 -0.63
 a
 18 -0.22
 ab
 14 -1.3
 abc
 2 -0.8
 a
 14 -0.26
 abc
 
2 -0.41
 a
 9 -0.11
 abc
 9 -0.85
 abc
 4 -0.33
 ab
 7 -0.24
 a-d
 
7 -0.18
 a
 19 -0.11
 abc
 19 -0.85
 abc
 18 -0.3
 ab
 2 -0.2
 a-e
 
6 -0.16
 a
 8 -0.11
 abc
 7 -0.52
 abc
 17 -0.26
 ab
 9 -0.1
 a-e
 
11 -0.03
 a
 13 -0.04
 bc
 2 -0.33
 a-d
 9 -0.11
 ab
 19 -0.03
 b-f
 
12 -0.03
 a
 17 -0.04
 bc
 18 -0.3
 a-d
 21 -0.04
 ab
 4 -0.03
 b-f
 
21 0.24
 a
 12 0
 bcd
 21 -0.26
 a-d
 11 0.26
 ab
 17 0.05
 c-f
 
19 0.33
 a
 7 0
 bcd
 11 0.11
 a-d
 13 0.3
 ab
 20 0.12
 def
 
13 0.4
 a
 21 0.07
 bcd
 8 0.22
 a-d
 6 0.33
 ab
 18 0.13
 ef
 
8 0.44
 a
 6 0.11
 bcd
 6 1.37
 bcd
 20 0.44
 ab
 12 0.13
 ef
 
20 0.44
 a
 14 0.22
 cde
 12 1.59
 bcd
 8 0.54
 ab
 6 0.27
 f
 
9 0.57
 a
 11 0.33
 de
 13 1.63
 cd
 7 0.56
 ab
 13 0.29
 fg
 
18 0.65
 a
 4 0.56
 e
 20 2.48
 d
 12 1.26
 b
 11 0.63
 g
 
SED 0.46 
 
0.09 
 
0.8 
 
0.44 
 
0.1 
IBL- inbred line, EPP- ears per plant, EL –ear length, NKR- number of kernel rows,  NRE- number of rows per ear, GY- grain yield. 
Means followed by the same letter are not significantly different. 
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5.4.3.2 Ear length 
 
Sum of squares due to GCAf and GCAm for ear length accounted for 20.4% and 19.7%, 
respectively. SCA effects were highly significant and accounted for 60.2% of the sum of squares 
for the crosses. Inbred parents L2 (0.82) and L8 (-0.98) showed the most positive and negative 
GCAf  for ear length respectively (Table 5.5).   
 
5.4.3.3 Ear height 
 
Ear height mean squares due to GCAm were twice mean squares due to GCAf (2.3:1) (Table 5.3). 
The percentage sum of squares due to GCAm for ear height was 50% compared to 21.25% for 
GCAf. Ear height SCA effects accounted for 28.71% of the sum of squares for crosses (Table 
5.5). Inbred lines L9 (0.14) and L13 (0.21) had the highest GCAf and GCAm, respectively, for ear 
height (Table 5.5 and 5.6). 
 
5.4.3.4 Days to flowering 
 
For days to silking, mean squares due to GCAf were 1.7 times more than GCAm (Table 5.3). 
Negative GCAm and GCAf for days to silking were shown by L4 (-2.26) and L15 (-2.6), 
respectively. For days to anthesis, mean squares due to GCAm were 1.24 times more than GCAf 
mean squares. High and positive days to anthesis were shown by male parent L11 (2.63), while 
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negative GCAm was shown by L8 (-2.93). Inbred lines L3 (-2.15) and L10 (2.22) had the least 
and highest GCAf, respectively, for days to anthesis (Table 5.5).  
 
5.4.3.5  Plant height 
 
Mean squares due to GCAm for plant height were 2.75 times more than GCAf  
(Table 5.3). Inbred line 11 showed high and positive GCAm (0.2) while inbred L8 had the least 
GCAm (-0.3) for PH. GCAf revealed that inbred L18 had high and positive GCA estimates for PH 
(0.1), while inbred L12 had the least GCA f (-0.2).  
 
5.4.3.6 Number of kernels per row and number of rows per ear 
 
GCAm was high and positive for L20 (2.48), and GCAf   was highest for L4 (1.59) (Table 5.6 and 
5.5) for number of kernels per row. Total GCA effects (51.46%) were greater and more 
important than for SCA effects (48.54%) for number of rows per ear (Figure 5.1). Inbred lines 
L9 and L12 showed significantly positive GCAf (0.78) and GCAm (1.26), respectively, for 
number of kernels per ear. 
5.4.3.7 Grain yield 
 
The highest positive GCA for grain yield was shown by inbred line L11, both as a male (0.63) 
and as a female parent (0.42) (Table 5.5 and 5.6). The least GCA for grain yield was exhibited by 
parent L8 both as male (-0.44) and female (-0.3). Variation for yield among experimental hybrids 
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may have been chiefly influenced by differences among male mean squares for most of the 
agronomic traits, except for days to silking, ears per plant and ear length. The latter traits were 
influenced by female mean squares as shown in Table 5.3.  
 
5.4.3.8 Endosperm modification (EM) 
 
Significantly different (P ≤ 0.05) endosperm modification scores were observed among the 
inbred lines. General combining ability analysis for endosperm modification revealed high and 
positive GCAf  estimates for L16 (0.3), while the least was shown by L4 (-0.22). GCAm for 
endosperm modification was highest and positive for L18 (0.26) and most negative for L6 (-
0.22). Examples of endosperm modification scores observed in the study are presented in Plates 
5.1 
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( a) Normal endosperm   (b) Modification score 1 
 
(c) Modification score 2    (d) Modification score 3 
 
Modification score 4 
  Plate 5.1 Endosperm modification scores   
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5.4.4 Specific combining ability 
 
The magnitude and direction of SCA effects was variable, for all traits. Cross combination L5 
xL9 had the most negative SCA effect for days to anthesis (-2.85), while cross L5xL4 showed 
positive and high SCA estimates (3.82) for days to anthesis. Cross combination L3xL4 showed 
early silking (-3.96), whereas cross L4xL11 was late in silking (3.56). Cross L4xL7 (-3.11) 
showed negative and high SCA for ASI and also showed a positive and high SCA for number or 
rows per ear (Appendix 17). Cross L4xL19 (3.33) exhibited the highest positive SCA for ASI. 
SCA estimates for the top ten and bottom ten F1 hybrids for ASI, days to anthesis, days to 
silking, ear length, ear height, ears per plant, endosperm modification, grain yield, number of 
kernel rows, plant height, and number of rows per ear are presented in Appendix 17. 
Experimental hybrid L11x L17 (2.06) showed the highest positive SCA for ear length, whereas 
L8xL17 (-2) had the least SCA value. Specific combining ability estimates for ear height 
revealed cross combination L10xL14 (0.24) as having the highest positive SCA estimates, while 
cross L15xL14 (-024) showed the most negative SCA estimate for ear height. 
 
Cross combination L2xL17 exhibited the highest SCA for ears per plant (0.59), while cross 
L18xL8 had the least (-0.56). For grain yield, cross L18xL11 had a high and positive SCA effect 
(1.09), while cross L14xL11 (-1.06) had the least SCA effect for this trait. Crosses that had 
positive and high SCA estimates for ear length had low and negative SCA estimates for plant 
height, and vice versa. For example, cross L11xL17 had the shortest plants (-0.4), but combined 
well for ear length (2.06). On the other hand, L8xL17 had the tallest plants (0.26) but were poor 
combiners for ear length (-2) (Appendix 17). Crosses that showed the best specific combining 
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abilities for days to anthesis, ASI, ear length, ear height, plant height and grain yield had at least 
one parent with high GCA values. 
The best specific combiner for endosperm modification was cross combinations L18 x L2 (-
0.71), followed by, L5 x L2 (-0.54) and L14 x L8 (-0.49) (Appendix 17). The cross that had the 
highest positive SCA effect for endosperm modification (less desirable) involved parents L5 and 
L9 with positive and negative GCAf and GCAm effects for this trait respectively (Table 5.5 and 
Table 5.6). The resulting cross L5 x L9 was positive. Female parent 18 had positive GCA effects 
while male parent L2 had low positive GCA estimate for endosperm modification. A negative 
SCA for endosperm modification was desirable since it guaranteed the presence of the opaque-2 
gene and modifiers for a hard endosperm. 
5.4.5 Heritability estimates 
 
Narrow sense heritability estimates for all traits are presented in Table 5.7. The range of 
heritability was from 4.1 % for ear length, to 48.27 % for days to silking. 
Table 5.7 Heritability (%) estimates for agronomic traits 
 
Traits Narrow sense heritability (h
2
) 
Anthesis (days) 22.41 
Anthesis silking interval (days) 21.35 
Ear length (cm) 4.08 
Ear per plant 15.73 
Ear height (m) 16.97 
Endosperm modification 30.36 
Grain yield (t/ha) 20.90 
Number of kernels per row 22.66 
Number of rows per ear 22.29 
Silking (days) 48.27 
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5.4.6 Correlations 
 
5.4.6.1 Correlation coefficients of inbred lines and hybrids  
 
For the inbred parents, grain yield was not positively correlated to any of the other traits 
measured as shown in Appendix 18. Significant correlation coefficients were noted for the 
following, plant height and ear length (r = -0.43*), plant height and ear height (r = 0.56*), 
number of kernel rows and number of rows per ear (R = 0.49*), days to silking and ears per plant 
(r = 0.54*) and plant height and days to anthesis (r = 0.62*). For the experimental hybrids, grain 
yield was significantly (P ≤ 0.05) correlated to anthesis-silking interval (r = -0.32*) ear length (r 
= 0.35*) and number of kernels per row (r = 0.32*) as shown in Appendix 19. 
 
5.4.6.2 Correlation coefficients between genetic distances and specific combining ability  
 
Estimates of genetic distances (Table 3.7, section 3.4.2) were not effective at predicting 
performance of cross combinations. This is because Pearson’s correlation coefficient between 
genetic distance (GD) and specific combining ability (SCA) for grain yield were not significant 
(r = 0.06), as shown in Table 5.8. There were no significant correlations (P ≥ 0.05) between GD 
and SCA for all the other measured traits. Crosses between divergent parents from distinct 
heterotic groups did not always present satisfactory SCA estimates. As an example, crosses L10 
x L12 (0.55) and L14 x L2 (0.72) displayed high and positive SCA estimates for grain yield 
(Appendix 17). These crosses had both parents belonging to the same heterotic group and this 
was confirmed by the low genetic distances between them of 0.28 and 0.26, respectively (Table 
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3.7). The correlation analysis between SCA effects and GD was insignificant, implying that a 
high GD does not necessarily result in a high SCA value. 
Table 5.8 Correlation coefficients of genetic distances with specific combining ability of 
various traits. 
 
AD ASI EL EH EPP GY PH NRE SD NKR GD 
AD 1.00 
      
    ASI 0.16a 1.00      
    EL -0.27 -0.19 1.00     
    EH 0.39 -0.03 -0.10 1.00    
    EPP 0.01 -0.08 0.22 0.02 1.00   
    GY -0.08 -0.34 -0.08 0.00 -0.08 1.00  
    PH -0.16 0.22 -0.47 -0.03 0.14 -0.06 1.00 
    NRE 0.12 -0.04 0.42 0.30 0.08 -0.07 -0.10 1.00 
   SD 0.77 0.76 -0.30 0.24 -0.04 -0.27 0.04 0.05 1.00 
  NKR 0.02 -0.18 0.25 0.48 0.17 -0.05 -0.28 0.39 -0.11 1.00 
 GD 0.03 -0.11 -0.12 -0.22 0.10 0.06 0.03 -0.13 -0.06 -0.01 1.00 
AD-anthesis days, ASI- anthesis-silking interval, EL-ear length, EPP-ears per plant, GY-grain yield, PH-plant 
height, NRE,-number of rows per ear, SD-silking days, NKR-number of kernels per row, GD-genetic distance. 
 
5.5 Discussion 
 
The results indicate that some of the 21 parents were genetically different for the traits studied. 
The significantly different mean squares for the inbred lines showed that there was sufficient 
variability to allow for selection among the germplasm for the various traits. This suggested that 
there was genetic variation which could be exploited in a breeding programme. Insignificant 
mean squares implied that the inbred lines were not different for the particular traits. Combining 
ability analysis allowed the identification of the poorest performing genotypes, which could be 
discarded so as to concentrate efforts on promising genotypes.  
Combining ability studies have been investigated by several authors in maize (Bhatnagar et al., 
2004; Machida et al., 2010). General combining ability effects were superior to SCA for all 
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traits, except ear length and plant height. This suggested that genes with additive effects were 
predominant for ASI, grain yield, number of kernel rows, number of rows per ear, days to 
silking, days to anthesis, and ears per plant. For these traits, early testing is likely to be effective 
in that, promising hybrids can be generated based on the predictions of GCA effects of their 
parents. The reason for early testing of experimental inbred lines is that additive gene action is 
not affected by inbreeding depression; this is in accordance with a report by Mhike et al. (2011).  
 
Dominance effects were shown by significant SCA effects, since according to the assumptions of 
the North Carolina mating design, there were no epstatic effects (Hallauer and Miranda, 1988). 
The variance components due to males were higher than those for females for grain yield, plant 
height, ear height, anthesis-silking interval, days to anthesis, number of rows per ear and number 
of kernels per row, which indicated the presence of greater genetic diversity among males for 
these characters. Zare et al. (2011) reported non-additive gene effects for days to silking, plant 
height, ear height, number of kernels per row, number of rows per ear and grain yield. On the 
other hand Vacaro et al. (2002); Machida et al. (2010) reported predominance of additive effects 
for plant height, days to anthesis and endosperm modification. Both additive and non-additive 
gene effects were reported for grain yield, anthesis silking interval, days to silking and anthesis 
(Derera et al., 2008). The mixed results with regard to gene action for grain yield and the other 
traits confirms reports by Falconer and Mackay, (1996) who found that combining abilities tend 
to be influenced by the environment and the germplasm used. 
 
 
 
148 
 
5.5.1 Heritability 
 
Low estimates of narrow sense heritability that were observed in this study indicated that only a 
small fraction of the trait will be reflected in the next generation, whereas, larger estimates 
indicated that the trait will respond easily to selection. Narrow sense heritability has been 
reported to be a reliable parameter to base a breeding procedure. A low heritability could have 
arisen as a result of a high magnitude of the environmental variance (Falconer, 1989), but may 
also suggest that more effective selection methods should be employed to ensure genetic gain of 
yield and its components. The higher heritability estimates for days to silking, as compared to the 
other traits, indicated the presence of greater additive gene action for this trait (Abadi, 2011).  
 
Heritability for grain yield in this study was low (20.9%). This is in agreement with findings by 
other researchers (Mawere, 2008; Banziger et al., 2000). The observed results also fall within the 
expected range identified by Singh (2005), who reported heritability estimates of between 10 and 
50% for grain yield. This implies that selecting for yield per se may not be effective. However, 
in contrast, Mawere, (2008) suggested that a narrow sense heritability value of 22.9% was within 
reasonable limits for crop improvement, making the h
2
 value obtained in this study acceptable 
for improvement purposes. Heritability estimates for days to silking and endosperm modification 
where reasonably high, suggesting that selection for enhancement is possible. 
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5.5.2 General and specific combining ability 
 
5.5.2.1 Grain yield and other morpho-agronomic traits 
 
The present study showed no significant GCA effects for plant height. This corroborated findings 
by Mhike et al. (2011). Lines with negative GCA for plant and ear heights showed good general 
combining ability for reduced plant height and low ear placement. The SCA effect for plant 
height was highest and lowest for cross combinations L8xL17 and L11xL17, respectively. The 
negative and lower SCA estimate for plant height was more desirable as shorter plants are less 
prone to lodging. Hybrids with short stature were obtained from crosses with lines L4, L6, L8 
and L21, which showed significantly low GCA effect for plant height. These inbred lines were 
therefore able to effectively transmit their short stature to their progeny. Highly significant 
variation was found due to SCA for plant height and similar findings were reported by Legesse et 
al. (2009). On the other hand, ear heights were largest for cross L2 x L17 (least desirable) and 
smallest for L18 x L8. According to Ji et al. (2006) cultivars that exhibit high ear positions are 
prone to root and stalk lodging. 
 
 Ear height was highly influenced by additive gene effects since GCA contributed 71% of the 
crosses’ sum of squares. The preponderance of additive gene effects in determining ear height 
has been reported by Gichuru et al. (2011). Average ear numbers were similar for hybrids and 
inbreds. These findings were similar to those obtained by Betran et al. (2003b). 
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Hybrids flowered earlier than their inbred parents, and this observation is consistent with 
observations from other related studies (Hallauer and Miranda, 1988). This is because hybrids 
exhibit heterosis. The number of days to silking, anthesis and maturity for some of the inbred 
lines were more than those reported by CIMMYT-Zimbabwe (Dr Amsal Tarekegne, personal 
communication
2
). This may have been a result of the increase in latitude and day length between 
CIMMYT-Zimbabwe (17º43’26’’S and 31º1’23’’E) and the UFH (32º 47’ 51’’S and 27º 50’ 
55’’E), which is in South Africa. Lines that showed negative GCA effects for days to anthesis 
but positive GCA effects for grain yield meant that these lines were probably of intermediate 
maturity.  
 
A third of the inbred lines (33%) exhibited negative female and male GCA effects for ASI, 
which is desirable in the resultant hybrids. A negative ASI, means that lines were better 
synchronised for pollen shedding and silk emergence, resulting in higher chances of fertilisation, 
and seed setting as indicated by Okello et al. (2006). The importance of additive gene effects for 
ASI has been previously reported by Ali et al, (2012). Anthesis silking interval has been reported 
to decrease under optimum field conditions than under drought stress conditions (Pswarayi and 
Vivek, 2008), which may explain the low ASI values observed in the present study. 
 
Inbred line L11 had the largest GCA estimates for days to anthesis and for grain yield, 
suggesting it is late maturing. Findings by Pswarayi and Vivek (2008) indicated that maturity 
and yield are positively correlated. Late maturing cultivars are known to produce higher yields 
                                                 
2
 Dr Amsal Tarekgne, CIMMYT Maize Breeder, Southern Africa 
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since they are able to draw on nutrients and photosynthesize for a longer period and can 
accumulate dry matter which is positively partitioned to grain yield. It was observed that lines, 
L4, L8, and L18 flowered earlier than other inbred lines and conferred earliness to most of the 
hybrids they were involved in. Breeders who want to lessen the time to maturity for their 
germplasm can select inbred lines L4, L8 and L18 as the crosses from these lines showed the 
least days to anthesis. The advantage of selecting for earliness is that it ensures that the hybrid 
will complete its life cycle before drought sets in. Inbred parents that had negative GCA for days 
to anthesis can be used to develop early maturing cultivars. Such cultivars will benefit resource-
poor farmers located in marginal areas.  
 
Root and stem lodging for the inbred lines was not significantly different in this study therefore, 
their GCA and SCA were not determined. Inbred lines L2 (0.82), L18 (0.59) and L5 (0.49) 
showed positive GCAf for ear length, whereas L18 (0.65), L9 (0.57), L20 (0.44) had positive 
GCAm for the same trait. These lines would be ideal candidates in a breeding program whose 
objective is to develop cultivars with long ears.  
 
Grain yields of hybrids that were obtained in this study compared well to those obtained by 
others (Scott et al., 2009; Bello et al., 2012b; Denic et al., 2012). They reported yields of QPM 
hybrids to range from 4.5 t/ha to as high as 11 t/ha under optimum field conditions. Average 
yield of the commercial check, SC701, was 8.05 t/ha, while that of the best yielding 
experimental hybrid was 8.18 t/ha, a difference of 130 kgs (1.6%). The commercial check, 
SC701, a non-QPM hybrid, was high yielding though its yield was not significantly different 
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from the highest yielding experimental hybrid, or from the commercial QPM cultivars QS7646 
(yellow) and QS7719 (white). 
 
The results stated above are in agreement with findings that reported negligible yield differences 
between QPM and non- QPM hybrid cultivars (Bello et al., 2012b; Denic et al., 2012). Although 
evaluations under drought stress were not carried out, Cordova et al. (2003) reported a 100 % 
yield increase in QPM compared to normal hybrids under drought stress. According to Prassana 
et al. (2001), data from Africa, Asia and Latin America has shown that QPM is capable of 
outperforming commercial non-QPM hybrids by an average of 10%. This means that QPM could 
improve the nutrition of people, and provide food security where it is grown. 
 
The GCA sum of squares for grain yield were similar to SCA sum of squares, suggesting that 
variation among crosses were due to additive and non-additive gene effects, hence making 
selection for this trait difficult. The correlation of both GCA and SCA with grain yield concurs 
with other findings (Fan et al., 2004; Jompuk et al., 2007; Machado, et al., 2009, Qi et al., 2010, 
Gichuru, 2011). On the contrary, only GCA effects were found to be significant and important 
for grain yield according to earlier results (Vasal et al., 1993; Pixley and Bjarnason, 2002). 
However, only SCA effects were superior according to Machida et al. (2010). Reports on yield 
potential and gene action of QPM cultivars have therefore produced mixed results. This implies 
that field evaluation need to be carried out. 
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Lines with positive GCA effects for grain yield contributed to an increase in yield for the 
experimental hybrids in which they were involved. None of the QPM experimental hybrids 
except L18 x L11, yielded more than the non-QPM check (SC701) or the QPM checks (QS7719 
and QS7646). The highest grain yielding cross combination, L18 x L11, was generated from 
inbred parents with high GCA for grain yield. These inbred parents were also from different 
heterotic groups. This is in line with reports by Vasal et al. (1992), who reported that crosses 
generated from different heterotic groups exhibit the highest heterosis compared to within group 
combinations. However, this was not always the case as shown in this study. 
 
General combining ability effects were more important for most traits as found in this study, 
which is in compliance with what was reported in earlier studies (Bhatnagar et al., 2004, Fan et 
al., 2004, Jompuk et al., 2007). High GCA and SCA values for number of kernel rows were 
desirable as these are important yield contributors. In addition, lines that showed significant and 
positive GCA effects for ears per plant have potential to increase the number of ears under 
optimal field conditions. Significant correlation coefficients between grain yield and ASI, ear 
length and number of kernel rows were observed in this study. A similar observation was 
reported by Monnevuex et al. (2006).  
 
One would have expected negative SCA estimates from crosses with inbred parents in the same 
heterotic group. On the contrary, some of the high yielding experimental hybrids exhibited 
positive and significant SCA effects for grain yield though they were in the same heterotic group. 
A good example is the cross combination L11 x L13, whose inbred parents belonged to heterotic 
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group B. As highlighted by Gichuru et al. (2011), heterotic groups may change with 
environments of growth, or this may suggest that sufficient variation still exists within heterotic 
groups of CIMMYT germplasm. 
 
Heterotic group A consists of N3, Tuxpeno, Kitali and Reid germplasm, while group B is 
comprised of SC, Eto Blanco, Ecuador and Lancaster germplasm (Mickleson et al., 2001). 
Hallauer and Miranda (1988) reported that heterotic groups are not absolute and lines may be re-
classified where necessary. This is because lines in the same heterotic group may not have the 
exact same heterotic pattern because of small differences in alleles they may be carrying. This 
may explain the above average yields recorded for some of the experimental hybrids. The high 
yields of inbred L11 both as a parent and in hybrid combination means that this line has a high 
yield potential, and thus is a strong candidate for incorporating into a breeding programme.  
 
Cross L11 x L17 was among the highest yielding experimental hybrids, though it was also the 
third shortest plant. This is a case where short plants channel more photo-assimilates towards 
grain instead of unnecessary biomass accumulation as reported by Gichuru et al. (2011). Line 17 
was an early maturing inbred, and was among the top ten high yielding inbreds, thus making it a 
suitable parent for breeding high yielding early cultivars for the EC. Lines that exhibited high 
GCA values for characters contributing to grain yield can be used in synthetic variety 
development as suggested by Malik et al. (2011). The experimental hybrids were able to produce 
high yields under field conditions with supplementary irrigation, but of much interest is their 
yield potential under drought stressed environments which was not investigated in this study. 
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The inbred lines used in this study can be exploited through targeting SCA effects for the various 
traits. 
 
5.5.2.2 Endosperm modification (EM) 
 
 In this study, inbred lines that showed the desirable GCAf for endosperm modification, that is 
L4, L9, and L20, were not involved in the best specific combiners (L18 x L2; L5 x L2; L14 x 
L8) for this trait as would have been expected. Line 16 had the highest general combining ability 
for EM (0.26) (high levels of opaqueness) not desirable. It can therefore be inferred from the 
cross combinations with desirable endosperm modification that line L2 is a good specific 
combiner for endosperm modification.   
 
Additive gene action was more important than non-additive gene action for this trait. This is in 
compliance with reports by Derera et al. (2008) who also reported that additive gene effects were 
more important for endosperm modification. It has been reported that endosperm modification is 
quantitavely inherited (Bjarnason and Vasal, 1992; Lopes and Larkins, 1996), which could 
explain the preponderance of additive gene action found in this study. However, in a study by 
Hossain et al. (2008), additive and non-additive gene action had equal contribution to endosperm 
modification. The implications of endosperm modification being under the control of additive 
genes means that the inheritance cannot be explained only by Mendelian models, but also 
through quantitative genetic models (Hallauer and Miranda, 1988). Since additive gene action 
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was more important than non-additive gene action, this implies that lines with good endosperm 
modification will pass it on to its progeny, facilitating effective selection.  
 
The presence of significant differences in mean squares indicated the presence of adequate 
variation for endosperm modification among the experimental hybrids. Similar findings were 
reported by Hossain et al. (2008) and Machida (2008). However, Pixley and Bjarnason (2002) 
did not find significant variation for endosperm modification among single cross and three way 
hybrids that they screened. An endosperm modification score of 2 was not recommended for 
early selections although the presence of the o2o2 gene is almost guaranteed. This is because; 
there are chances that a class one kernel could have been misclassified as class 2 (Vivek et al. 
2008).  
 
In order to eventually come up with a QPM cultivar, three genetic systems are developed which 
involve the recessive allele of the opaque -2 gene, modifiers that confer high lysine and 
tryptophan and endosperm modifier genes to make the kernels hard. Since all the genotypes had 
a score for endosperm modification, this implies that they all inherited the o2 allele in the 
homozygous state. According to Ignjatovi-micic et al. (2008), lysine and tryptophan levels 
should be monitored when developing new cultivars because the levels of these two amino acids 
are widely variable and one could end up with a variety with the opaque 2 gene, but low levels of 
the two amino acids.  
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The different scores of endosperm modification observed in germplasm used in this study also 
indicated that there was segregation of genes for kernel hardness. The high endosperm 
modification scores implied that the kernels had high levels of opaqueness and a soft endosperm. 
The less opaque kernels indicated the presence of modifier genes as was seen in genotypes with 
scores 1 to 3. In this study, only score 3 was considered desirable since this was an early 
generation testing. A score of three guarantees the presence of the opaque-2 gene and good 
modification (Vivek et al., 2008). 
 
5.5.3 Correlations between genetic distances and specific combining ability 
 
There was no clear relationship between genetic distances of inbred lines and SCA effects of the 
hybrids for grain yield. The theory of quantitative genetics describes a correlation between 
parental divergence and estimates of heterosis (Falconer and Mackay 1996). In most cases, 
genetic distance is correlated with SCA such that the magnitude of SCA is generally proportional 
to the genetic distance between parents. According to Balestre et al. (2008), the data obtained 
with molecular markers to date is not conclusive regarding this correlation. It has been reported 
that estimates of genetic divergence may not be enough to reveal which combinations of 
genotypes can be successfully used for breeding (Tembo, 2007; Oliboni et al., 2012)). Oliboni et 
al. (2012) observed that the hybrid which presented a low estimate of genetic divergence 
displayed an increase of 3. 76 t/ha over the parental average. 
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The correlation between genetic distance and SCA for grain yield was low and insignificant 
suggesting, that the predictive value was weak. According to Hallauer and Miranda (1988), it is 
preferable to cross genotypes with high yield and intermediate divergence than to cross 
genotypes with intermediate yield and wide divergence. Low correlation coefficients between 
GD and SCA for grain yield (0.06) were found in this study. Tembo (2007) reported low and 
negative correlation between GD and SCA for grain yield (-0.04), while Oliboni et al. (2012) 
reported insignificant correlation between GD and SCA (0.11) for grain yield. These reports are 
in agreement with the present results. Genetic diversity is necessary for high yields, but does not 
ensure high SCA as shown in this study.  
 
The reason for the variability in the relationship between SCA for grain yield and GD is that at 
times heterosis is found among lines within the same heterotic group. This was shown in the 
current study where cross combination L10 x L12 was high yielding and yet, both lines belonged 
to heterotic group B. Other factors that contribute to heterosis include dominance theory, over 
dominance, biochemical and molecular factors (Tembo, 2007). The highest yielding cross L18 x 
L11 had a GD of 0.31. Although the GD was not large, lines that showed moderate GDs also 
showed some level of heterosis.  
 
5.6 Conclusion 
 
The best inbred line both as a female and male for most traits recorded was L4. Line 11 was the 
best high yielding inbred line as a parent and in cross combination. Cross combinations L18x 
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L11, L14 x L2 and L10 x L12 were the high yielders under optimal conditions. Additive and 
non- additive gene action played significant roles in determining grain yield, while additive gene 
effects were more important for endosperm modification. 
  
5.7 Recommendation 
 
Cross combinations L18 x L11, L14 x L2, and L10 x L12 that yielded well under optimal field 
conditions could be useful in areas that receive high rainfall. Such areas in the EC include 
Flagstaff, Butterworth and Lusikisiki. These experimental hybrids can also be tested across 
locations in the EC, particularly those that performed equal to or better than the commercial 
checks. Based on the GCA and SCA estimates, QPM breeders can use L4 as a female parent to 
develop QPM cultivars with good endosperm modifications while L11 can be used in hybrid 
programmes aimed at improving grain yield. 
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CHAPTER 6  
 
GENERAL DISCUSSION, CONCLUSION AND RECOMMENDATIONS 
 
6.1 Introduction 
 
Quality protein maize is being promoted as a biofortied, non-transgenic food that provides 
improved protein quality to consumers. The focus of this study was to identify QPM inbred lines 
and single cross hybrids that are tolerant to seedling drought stress, while combining well for 
grain yield, endosperm modification and other morpho-agronomic traits under optimum field 
conditions. Little research has been published on maize seedling drought stress in Southern 
Africa, and much less on the combining ability of inbred lines for seedling traits. Most work on 
drought tolerance in maize has focused on the flowering and maturity stages. It was also of 
interest to establish the direction and magnitude of the relationship between the genetic distances 
measured using SSR markers and the specific combining ability for grain yield.  
 
6.2 General Discussion 
 
Information obtained from inbred parent morpho-agronomic, molecular characterisation and 
combining ability provided evidence that genetic variability existed for various traits in available 
QPM inbred lines. The studies on morpho-agronomic and molecular diversity indicated that 
inbred lines where morphologically and agronomically diverse, with low to moderate genetic 
distance. Morpho-agronomic analysis indicated that diversity was largely contributed by days to 
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maturity, number of kernel rows and ear length. However, the contribution of these traits may 
change in a different environment, as reported by Betran et al. (2003a). This therefore 
necessitates evaluation over seasons, and in different locations where the germplasm is to be 
used. The low to moderate genetic distance of the inbred lines was substantiated by the large 
cluster formed under both morpho-agronomic and molecular cluster analysis. Cluster analysis 
showed that the majority of the lines were related since they fell into one major group. However, 
genotype selections can still be made based on the maturity range and their performance under 
seedling drought stress.   
 
Genotypes that yielded well under seedling drought stress did not all perform well under field 
conditions, suggesting that drought tolerance at seedling stage does not always translate to high 
yields under optimum field conditions, although this can occur. For example, cross combination 
L18 x L11 had high total dry weight under seedling drought stress and showed high yields under 
non-drought stress conditions. It can be inferred that this cross combination will be able to 
produce above average yields under drought stress conditions in the field. Selection of cross 
combinations to be used for further evaluations should be based on the performance of the 
hybrids under seedling drought and under optimum field conditions. In addition, the same 
hybrids should have high SCA for most of the desired traits such as grain yield and endosperm 
modification, while the genetic distance should be moderate or high. 
 
Differences between inbred lines and their progeny were observed under seedling drought stress, 
with inbred lines succumbing more to drought than their progeny. Drought stress has been 
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known to drastically reduce yields in maize at all growth stages, particularly at seedling stage 
and flowering (Mugo et al., 1998; Banziger et al., 2000). The development of cultivars that are 
tolerant to drought at seedling and later growth stages may benefit the resource-poor farmer by 
maintaining the crop stand in the face of drought.  
 
The glasshouse experiment focused on screening the available QPM inbred lines and their 
progeny for tolerance to seedling drought stress. Several variables were measured as a strategy to 
identify drought tolerant genotypes. Drought susceptibility index enabled ranking of the 
genotypes according to drought tolerance. The study demonstrated that drought stress at seedling 
stage reduces most of the traits measured, with the exception of RDW: SDW ratio which 
increased for the drought tolerant genotypes. This result has been previously reported for drought 
tolerant genotypes (Rezaeieh et al., 2011), and was therefore anticipated.  
 
Cross combination L8 x L13 had the highest root dry weight at 25% FC but showed below 
average grain yield (5.7 t/ha) under optimum field conditions. According to Manavalan (2011), a 
high RDW: SDW ratio translates to a higher grain yield. However, this was not necessarily the 
case in this study for this genotype and several others. Inbred parents of cross combination L8 x 
L13 had a small genetic distance (0.19), which confirmed reports that genetic distance is not 
completely reliable in predicting heterosis. Inbred lines L2, L4, L16 and L18 were good 
candidates for tolerance to seedling drought stress since they had favourable values for most of 
the seedling traits. These lines also showed good husk cover under morpho-agronomic 
characterisation, with the exception of L18 which showed intermediate husk cover. The yields of 
 
 
163 
 
lines L2, L4, L16 and L18 under optimum field conditions were moderate. Per se performance of 
inbred lines in maize is not necessarily correlated to performance in hybrid combination. 
 
 Yield trials of F1 hybrids under optimum field conditions identified cross combination L18 x 
L11 as the highest yielding, even outperforming the checks. This is in agreement with reports 
from other studies conducted on QPM (Diallo & Banziger, 2007; Denic et al., 2012) and 
indicates that it is possible to develop QPM cultivars that are high yielding and have good 
endosperm modification. The results also demonstrate that QPM hybrids can outperform non-
QPM cultivars. Generally, average QPM yields were lower than the commercial hybrid checks 
(6.07 vs. 7.26 t/ha). This could be attributed to the crossing of inbred lines in the same heterotic 
group. For traits where SCA was not significant, the GCA could be used to predict the 
performance of the inbred lines when crossed. General combining ability was significant and 
important in conferring high grain yield in the QPM inbred lines under optimum field conditions. 
Generally, GCA effects were more important for the majority of the remaining traits except for 
plant height and ear length under optimum field conditions. Endosperm modification scores were 
governed by additive gene action, which meant that parents would pass on their genes to their 
progeny. Parents with high endosperm modification scores produced progeny with high 
endosperm modification. This was substantiated by a reasonably high narrow sense heritability 
of 30.36% for endosperm modification. 
 
The results of this study also demonstrated that genotypes that exhibited high leaf rolling scores 
under seedling drought stress had low yields under optimum field conditions. Leaf rolling has 
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been associated with low yields under field conditions (Ndiso et al., 2012). This implied that 
total dry weight and leaf roll under drought stress at the seedling stage may have influenced the 
final grain yield. It should be noted that the degree of leaf rolling also depends on the drought 
intensity to which seedlings are exposed. Breeders can therefore select genotypes based on their 
TDW, or extent of leaf rolling and only proceed with desirable genotypes for yield evaluations, 
and in that way save time and resources. Different cross combinations produced different levels 
of drought tolerance as shown by the DSI. The most drought tolerant cross combinations had at 
least one of the inbred parents being drought tolerant.  
 
6.3 General conclusions  
 
Genetic variation for grain yield and endosperm modification in QPM is under the control of 
additive and non-additive gene action, with additive gene action being more dominant for 
endosperm modification. Crosses with good positive SCA for grain yield and negative SCA for 
endosperm modification are good candidates for use in QPM breeding programmes. Therefore, 
effective selections can be made using the available genetic variation for further evaluation under 
field conditions.  
 
The hypothesis that there is no relationship between genetic distances and specific combining 
ability for grain yield was accepted. This was based on the observation that there was no 
significant correlation between genetic distances and SCA for grain yield. On the basis of the 
present results, it can be concluded that genetic distances of inbred lines do not necessarily affect 
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the specific combining ability for grain yield in the hybrids. Therefore, genetic distances cannot 
entirely be used to predict hybrid performances. However, this conclusion calls for further 
investigation. 
 
CIMMYT inbred lines were generally late maturing with a few early maturing inbred lines such 
as, L17 and L18. Inbred lines L6 and L7 suffered severe root lodging while synchronisation was 
poor for L19. Inbred lines grouped into cluster one could be used in areas that receive above 
average rainfall, while those grouped in cluster two could be used for high potential areas and for 
the development of high yielding cultivars. Inbred lines such as L17 and L18 could be used as 
potential sources of earliness in water limited environments while early maturing single crosses 
such as L18 x L2, L5 x L9, L3 x L4 and L2 x L21 could be used in drought prone areas. L11 is a 
potential candidate for developing high yielding hybrids.  
 
Inbred lines L18, L9, L8, L6 and L3 in order of their DSI proved to be the best performing under 
seedling drought stress and could be recommended for breeding new cultivars tolerant to 
seedling drought stress. 
 
6.4 Recommendations for future studies 
 
 Characterisation of inbred lines should be conducted across environments to widen 
knowledge of the adaptability of the CIMMYT-QPM inbred lines in the EC. 
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 Combining ability studies should be conducted under both drought stress and optimum 
field conditions in multi-locational field trials in the EC, to determine the best performing 
inbred lines and single cross hybrids 
 Screening of inbred parents and experimental hybrids could be done in the field for other 
biotic and abiotic stresses common in the EC, such as ear rots and low nitrogen stress.  
 Early maturing lines can be used to introduce earliness in local cultivars and concurrently 
converting them into drought tolerant QPM cultivars. 
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APPENDICES  
 
 Appendix 1: Mean performance of CIMMYT inbred lines for various morphological characteristics 
IBL 1000kw ASI      EL EH PH RL SL AD EPP NKR CC SD GY 
1 212.70 0.67 12.77 1.32 2.57 13.87 0.00 94.33 1.00 27.00 50.47 95.00 1.88 
2 247.30 0.00 8.33 1.50 2.41 0.00 6.93 88.33 1.67 24.33 49.23 88.33 1.90 
3 321.70 2.33 10.63 1.69 2.63 13.87 6.93 86.33 1.67 24.67 51.87 88.67 1.34 
4 242.00 3.67 12.37 1.15 2.31 0.00 0.00 91.00 1.00 26.33 51.03 94.67 1.28 
5 155.70 3.33 10.67 1.72 2.85 0.00 0.00 90.33 1.00 25.67 57.53 93.67 2.07 
6 251.70 0.33 13.47 1.43 2.46 52.77 16.63 91.33 1.67 26.33 47.53 91.67 1.74 
7 214.00 4.00 12.30 1.19 2.33 56.97 0.00 86.67 1.00 26.00 44.00 90.67 1.62 
8 173.30 -2.00 10.80 0.96 2.08 0.00 0.00 85.33 1.00 26.33 56.70 83.33 1.94 
9 276.00 2.00 7.77 1.54 2.59 13.87 0.00 89.33 1.33 24.67 48.83 91.33 1.63 
10 235.00 3.33 8.37 1.85 2.64 0.00 13.87 89.33 1.00 24.67 51.10 92.67 1.21 
11 184.00 1.00 12.50 1.37 2.56 9.70 0.00 90.33 1.67 27.33 55.60 91.33 1.87 
12 209.30 1.33 12.83 1.40 2.30 0.00 22.73 84.33 1.67 24.67 43.93 85.67 1.11 
13 246.30 -1.67 15.73 1.27 2.08 12.47 15.27 90.33 1.67 26.67 58.80 88.67 2.12 
14 170.30 -1.67 14.60 1.61 2.67 24.97 0.00 91.00 2.00 29.67 47.00 89.33 1.29 
15 141.00 -1.33 11.57 1.95 2.69 0.00 6.93 90.00 2.00 22.67 47.03 88.67 1.24 
16 243.70 -1.00 12.70 1.17 2.22 0.00 0.00 87.67 1.67 29.33 53.33 86.67 1.78 
17 273.00 -0.67 12.70 2.00 2.07 0.00 16.63 82.33 1.00 27.67 52.20 81.67 1.67 
18 154.00 -2.00 11.43 0.94 1.89 0.00 18.00 79.67 1.67 23.33 45.73 77.67 1.17 
19 211.70 4.00 8.90 1.50 2.61 0.00 22.20 85.67 2.00 19.67 50.30 89.67 1.82 
20 207.30 0.00 8.93 1.53 2.66 0.00 0.00 95.00 1.00 21.00 57.47 95.00 2.16 
21 222.30 2.00 14.50 1.43 1.98 0.00 0.00 86.67 2.00 23.00 51.93 88.67 1.68 
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Appendix 2: Average values of the quantitative traits in the three clusters under morphological characterisation 
Trait Cluster 1 Cluster 2 Cluster3 
1000KW 219.31 231.72 181.65 
ASI 1.55 -0.67 -0.33 
EL 10.94 13.29 12.13 
EH 1.53 1.36 1.17 
PH 2.57 2.09 2.10 
RL 13.29 2.49 0.00 
SL 5.25 6.38 20.37 
AD 89.93 86.47 82.00 
EPP 1.43 1.47 1.67 
NKR 25.00 26.60 24.00 
CC 50.64 54.59 44.83 
SD 91.48 85.80 81.67 
GY 1.65 1.84 1.14 
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Appendix 3: SSR primers used for genetic diversity studies QPM inbred lines  
Marker Repeat Primers: Bin 
 
Annealing 
temperature 
p-phi109275 AGCT Forward:CGGTTCATGCTAGCT
CTGC 
Reverse:GTTGTGGCTGTGGTG
GTG 
 
1.00 54 
p-phi056 CCG Forward:ACTTGCTTGCCTGCCGTTAC 
Reverse:CGCACACCACTTCCCAGAA 
1.01 
 
56 
p-phi064 ATCC 
 
Forward:CCGAATTGAAATAGCTGCG
AGAACCT 
 
Reverse:ACAATGAACGGTGGTTATC
AACACGC 
 
1.11 56 
p-phi96100 ACCT Forward:AGGAGGACCCCAAC
TCCTG 
Reverse:TTGCACGAGCCATCG
TAT 
 
2.00 54 
p-nc133 GTGTC Forward:AATCAAACACACACC
TTGCG 
Reverse:GCAAGGGAATAAGGT
GACGA 
 
2.05 54 
p-phi127 AGAC 
 
Forward:ATATGCATTGCCTGGAACTGGAAGGA 
 
Reverse:AATTCAAACACGCCTCCCGAGTGT 
 
2.08 52 
p-phi101049 AGAT 
 
Forward:CCGGGAACTTGTTCATCG 
 
 
Reverse:CCACGTCCATGATCACACC 
  
2.09 54 
p-phi029 AG/AGC
G 
Forward:TTGTCTTTCTTCCTCCACAAG
CAGCGAA 
Reverse:ATTTCCAGTTGCCACCGACG
AAGAACTT 
 
3.04 56 
p-phi053 ATAC Forward:CTGCCTCTCAGATTCAG
AGATTGAC 
Reverse:AACCCAACGTACTCCGG
CAG 
 
3.05 56 
p-umc1399 (CTAG)5 Forward:GCTCTATGTTATTCTTC
AATCGGGC 
Reverse:GGTCGGTCGGTACTCT
GCTCTA 
 
3.07 54 
p-phi046 ACGC Forward:ATCTCGCGAACGTGTGCAG
ATTCT 
3.08 54 
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Reverse:TCGATCTTTCCCGGAACTCT
GAC 
 
p-umc1136 (GCA)5 Forward:CTCTCGTCTCATCACC
TTTCCCT 
Reverse:CTGCATACAGACATCC
AACCAAAG 
 
3.10 52 
p-phi072 AAAC Forward:ACCGTGCATGATTAATTTC
TCCAGCCTT 
Reverse:GACAGCGCGCAAATGGAT
TGAACT 
 
4.01 52 
p-phi213984 ACC 
 
Forward:GTGACCTAAACTTGG
CAGACCC 
 
Reverse:CAAGAGGTACCTGCA
TGGC 
 
4.01 54 
p-umc1109 (ACG)4 
 
Forward:GCAACACAGGACCAAATCATCTCT 
 
Reverse:GTTCGGTCCGTAGAAGAACTCTCA 
 
4.10 54 
p-nc130 AGC 
 
Forward:GCACATGAAGATCCTGCT
GA 
 
Reverse:TGTGGATGACGGTGATGC 
 
5.00 54 
p-umc1153 (TCA)4 Forward:CAGCATCTATAGCTT
GCTTGCATT 
Reverse:TGGGTTTTGTTTGTTT
GTTTGTTG 
 
5.09 54 
p-phi031 GTAC Forward:GCAACAGGTTACATGAG
CTGACGA 
Reverse:CCAGCGTGCTGTTCCAG
TAGTT 
 
6.04 56 
p-phi089 
 
ATGC Forward:GAATTGGGAACCAGA
CCACCCAA 
Reverse:ATTTCCATGGACCATG
CCTCGTG 
 
6.08 54 
p-phi112 AG 
 
Forward:TGCCCTGCAGGTTCA
CATTGAGT 
 
Reverse:AGGAGTACGCTTGGA
TGCTCTTC 
 
7.01 56 
p-phi034 CCT 
 
Forward:TAGCGACAGGATGGC
CTCTTCT 
 
Reverse:GGGGAGCACGCCTTC
GTTCT 
 
7.02 56 
p-phi121 CCG Forward:AGGAAAATGGAGCCGGTG 8.04 56 
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AACCA 
Reverse:TTGGTCTGGACCAAGCACA
TACAC 
 
p-umc1161 (GCTGG
G)5 
 
Forward:GGTACCGCTACTGCTTGTTACTGC 
 
Reverse:GCTCGCTGTTGGTAGCAAGTTTTA 
 
8.06 54 
p-phi015 AAAC Foreward:ACGCTGCATTCAATT
ACCGGGAAG 
Reverse:GCAACGTACCGTACCT
TTCCGA 
 
8.09 56 
p-umc1277 (AATA)5 Forward:TTTGAGAACGGAAGCAAGT
ACTCC 
Reverse:ACCAACCAACCACTCCCTTT
TTAG 
 
9.00 54 
p-phi032 AAAG  Forward:CTCCAGCAAGTGATGCGTGAC 
 Reverse:GACACCCGGATCAATGATGGAAC 
 
9.04 56 
p-phi059 ACC  Forward:AAGCTAATTAAGGCCGGTCATCCC 
 Reverse:TCCGTGTACTCGGCGGACTC 
 
10.02 60 
p-phi050 AAGC 
 
Forward:TAACATGCCAGACACATACGGACAG 
 
Reverse:ATGGCTCTAGCGAAGCGTAGAG 
 
10.03 56 
p-umc1061 (TCG)6 
 
Forward:AGCAGGAGTACCCATGAAAGTCC 
 
Reverse:TATCACAGCACGAAGCGATAGATG 
 
10.06 52 
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Appendix 4: QPM inbred lines and F1 HYBRIDS that were screened for tolerance to seedling drought stress in the glasshouse at the University of Fort Hare 
Entry Number            Entry Number             Entry Number             
1. L4 x L6 24. L5 x L9 47.L 2 
2. L9 x L6 25. L1 x L20 48.L 3 
3. L20 x L6 26. L3 x L20 49. L 4 
4. L4 x L 7 27. L5 x L20 50. L 5 
5. L 9 x L7 28. L12 x L2 51. L 6 
6. L 20 x L7 29. L14 x L2 52. L 7  
7. L 4 x L19 30. L18 x L2 53. L 8 
8. L 9 x L19 31. L 12 x L8 54. L 9 
9. L 20 x L19 32. L 14 x L8 55. L10 
10. L2 x L13 33. L18 x L8 56. L 11 
11. L8  x L13 34. L12 x L11 57. L 12 
12. L11 x L13 35. L14 x L11 58. L 13 
13. L2 x L17 36. L18 x L11 59. L 14 
14. L8 x L17 37. L10 x L12 60. L 15 
15. L11 x L17 38. L15 x L12 61. L 16 
16. L2 x L21 39. L16 x L12 62. L 17 
17. L8 x L21 40. L10 x L14 63. L 18 
18. L11 x L21 41. L15 x L14 64. L 19 
19. L1 x L4 42. L16 x L14 65. L 20 
20. L3 x L4 43. L10 x L18 66. L 21 
21. L5 x L 4 44. L15 x L18 67.QS7719 
22. L1 x L9 45. L16x L18 68.QS7646 
23. L3 x L9 46. L 1 69.SC701 
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 Appendix 5: Average performance of inbred parents, F1 progeny and hybrid checks under glasshouse conditions 
 
                                               CC                         CT                                 LA                           LN                            PH                           RDW                    RDW:SDW                 RFW                       SDW                      SFW                            TDW 
Entry Genotype DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW 
1 4*6 24.47 40.77 25.97        29.33  61.99 69.90 4.00 8.00 33.67 38.67 4.64 7.61 0.79 0.51 8.56 16.08 5.97 14.90 10.51 34.53 10.61 22.51 
2 9*6 25.33 38.73 28.23        26.17  60.46 49.04 4.00 7.33 30.00 38.83 4.37 7.94 0.66 0.58 8.96 11.59 6.93 13.85 11.20 35.36 11.30 21.79 
3 20*6 26.70 38.77 28.90        26.40  56.41 59.65 3.67 7.33 30.00 38.00 4.36 8.83 0.82 0.59 8.76 16.38 5.50 15.05 8.63 30.76 9.86 23.88 
4 4*7 26.90 38.47 28.87        25.27  63.04 55.86 4.00 7.33 31.17 41.67 4.01 9.86 0.72 0.52 8.52 15.71 5.68 19.13 9.71 33.81 9.69 28.99 
5 9*7 27.47 40.17 33.27        26.13  71.32 59.56 4.00 7.33 32.83 44.33 3.55 10.50 0.68 0.72 8.37 11.58 5.41 14.65 9.30 27.98 8.96 25.15 
6 20*7 27.60 40.67 30.47        26.33  67.58 47.30 4.00 7.33 35.00 40.33 3.55 8.06 0.76 0.45 8.96 12.57 4.84 17.87 9.22 27.03 8.39 25.93 
7 4*19 28.00 37.83 34.20        25.63  63.55 46.69 4.00 7.33 30.00 37.33 3.45 6.84 0.75 0.43 7.55 13.47 4.73 16.09 8.49 25.94 8.18 22.93 
8 9*19 27.07 41.17 30.40        25.07  57.49 58.94 3.67 6.00 31.83 41.33 2.85 6.82 0.66 0.57 6.66 10.38 4.49 12.02 8.37 22.33 7.35 18.84 
9 20*19 25.87 44.63 28.90        25.53  60.91 49.57 4.00 6.33 28.00 33.50 3.28 6.52 0.64 0.55 5.97 8.99 5.14 12.03 8.42 29.65 8.42 18.56 
10 2*13 26.27 45.77 30.30        25.67  63.99 47.86 4.00 6.33 32.67 44.33 3.79 8.79 0.70 0.56 7.58 12.21 5.80 15.87 8.87 23.58 9.59 24.66 
11 8*13 26.03 37.73 31.93        24.63  70.50 47.04 4.33 6.33 27.83 43.67 4.55 7.15 0.90 0.52 5.61 10.47 5.05 13.77 8.71 27.14 9.60 20.93 
12 11*13 26.73 39.20 31.03        25.03  69.80 58.60 5.00 6.33 33.33 42.33 3.75 9.04 0.70 0.54 7.56 12.31 5.38 16.82 7.71 30.41 9.12 25.86 
13 2*17 25.93 39.77 32.03        24.37  57.04 52.27 4.00 6.33 32.33 35.67 4.09 9.32 0.71 0.61 7.23 10.75 5.96 15.28 8.28 30.67 10.04 24.60 
14 8*17 25.30 40.13 31.33        25.00  57.55 49.77 3.67 7.33 33.33 34.67 3.32 7.14 0.56 0.54 5.47 11.21 5.92 13.38 9.55 28.07 9.24 20.52 
15 11*17 24.80 40.43 28.37        24.40  66.69 54.87 3.00 7.00 26.33 41.00 4.53 9.70 0.93 0.68 7.27 11.93 4.97 14.28 7.66 28.51 9.50 23.97 
16 2*21 28.43 43.03 28.47        25.40  73.66 52.99 4.67 7.00 31.67 39.17 3.51 7.34 0.68 0.64 6.53 12.01 5.31 11.52 9.60 31.34 8.83 18.85 
17 8*21 25.13 38.77 30.47        27.33  69.71 51.10 3.00 5.00 24.33 30.50 3.25 7.33 0.53 0.67 5.44 9.39 6.39 10.93 9.37 37.35 9.64 18.26 
18 11*21 27.20 35.80 31.17        25.00  54.46 58.12 3.33 7.00 24.33 37.33 4.32 8.83 0.71 0.72 6.47 10.48 6.19 12.33 9.81 32.40 10.51 21.17 
19 1*4 26.60 38.07 26.80        25.40  63.27 47.53 3.67 5.33 31.17 40.00 4.73 10.02 0.89 0.61 7.66 12.63 5.34 16.44 8.31 26.78 10.07 26.46 
20 3*4 26.87 43.33 26.97        24.53  69.45 52.45 4.00 4.67 31.00 36.00 4.90 9.51 0.62 0.51 8.62 15.43 7.90 18.62 8.78 32.45 12.80 28.13 
21 5*4 26.97 40.97 28.50        24.57  55.59 41.91 3.33 6.33 24.00 37.33 4.62 9.36 0.69 0.56 8.52 16.15 6.82 16.82 8.26 34.58 11.43 26.18 
22 1*9 26.20 38.80 30.00        25.50  61.78 48.29 4.00 6.00 30.83 42.33 4.66 8.04 0.85 0.51 7.99 13.53 5.55 15.88 9.56 28.14 10.20 23.92 
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Appendix 5: continued Average performance of inbred parents, F1 progeny and hybrid checks under glasshouse conditions 
                                               CC                         CT                                 LA                           LN                            PH                           RDW                    RDW:SDW                 RFW                       SDW                      SFW                            TDW 
Entry Genotype DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW 
23 3*9 27.93 43.93 28.70        25.10  56.49 47.06 4.00 5.67 33.17 49.67 4.35 10.12 0.63 0.62 8.40 16.63 7.11 16.63 8.57 29.34 11.46 26.75 
24 5*9 27.03 43.97 29.73        25.70  52.01 45.00 3.00 5.67 33.83 49.00 4.27 9.70 0.62 0.53 7.53 13.71 7.02 18.21 8.00 29.49 11.29 27.90 
25 1*20 25.60 41.90 31.80        25.10  63.56 39.30 3.00 5.33 21.83 42.33 3.45 6.97 0.64 0.61 5.44 10.33 5.44 11.57 9.71 25.09 8.89 18.55 
26 3*20 26.70 39.97 30.40        24.97  61.97 49.88 4.00 6.33 32.50 45.33 3.30 9.83 0.62 0.60 6.54 12.41 5.38 16.27 8.21 27.84 8.68 26.10 
27 5*20 25.47 38.67 32.33        25.47  60.03 68.37 3.00 6.33 38.00 46.67 5.56 10.26 1.01 0.72 5.36 12.64 5.54 14.30 9.47 31.27 11.10 24.56 
28 12*2 26.53 42.77 30.47        26.20  60.81 51.95 4.00 6.00 28.27 45.33 4.68 10.11 0.83 0.56 5.77 11.70 5.69 18.23 8.71 29.85 10.37 28.33 
29 14*2 25.77 38.93 28.97        26.57  58.09 45.93 3.33 5.67 31.50 42.00 4.22 9.45 0.59 0.46 5.64 12.40 7.20 20.32 8.60 29.64 11.42 29.78 
30 18*2 26.47 37.90 30.27        25.83  59.56 48.37 3.33 6.33 32.00 44.33 3.03 6.57 0.54 0.42 5.48 9.43 5.58 15.59 8.84 26.46 8.62 22.16 
31 12*8 27.63 40.57 30.23        26.37  58.39 52.94 3.00 6.67 30.17 45.00 3.75 8.32 0.47 0.40 5.68 10.38 8.00 20.58 8.44 36.06 11.74 28.90 
32 14*8 25.63 40.67 31.63        25.80  57.78 47.21 3.33 6.33 32.00 42.20 3.47 8.28 0.57 0.48 5.86 9.66 6.05 17.32 9.22 30.56 9.53 25.60 
33 18*8 27.67 36.73 32.83        26.20  55.70 41.13 4.00 6.33 32.50 47.00 3.32 7.26 0.61 0.64 5.56 7.84 5.44 11.40 9.44 25.19 8.76 18.65 
34 12*11 26.50 40.30 29.23        26.40  53.22 48.11 3.00 5.33 33.00 43.67 4.99 10.15 0.69 0.56 5.52 11.51 7.27 17.98 9.47 34.81 12.25 28.13 
35 14*11 28.13 39.70 33.93        25.77  58.99 45.29 4.00 6.67 33.17 41.17 4.27 8.31 0.70 0.55 6.51 12.77 6.13 15.05 9.50 31.72 10.40 23.35 
36 18*11 27.97 36.87 29.43        26.90  54.11 52.25 3.67 6.33 30.50 37.67 4.53 7.37 0.61 0.48 5.21 9.80 7.48 15.31 9.95 28.50 12.02 22.68 
37 10*12 26.37 42.47 33.07        25.67  60.60 52.43 3.67 7.00 35.50 42.33 4.13 8.33 0.65 0.61 6.57 12.72 6.32 13.73 10.67 29.43 10.45 22.06 
38 15*12 27.77 41.23 29.40        25.50  64.63 76.63 3.00 6.00 32.00 42.67 3.61 6.92 0.52 0.41 5.12 10.25 6.93 16.84 10.30 29.25 10.54 23.76 
39 16*12 26.43 40.70 28.30        25.57  63.95 57.09 3.33 7.00 30.17 43.00 3.47 7.64 0.56 0.47 5.34 10.70 6.24 16.22 10.51 29.22 9.71 23.86 
40 10*14 26.60 41.43 29.63        26.30  55.89 56.81 4.67 7.00 29.67 42.67 4.96 9.72 0.71 0.52 5.61 10.61 7.04 18.66 9.43 28.16 12.00 28.38 
41 15*14 26.17 40.90 27.00        26.33  53.21 50.62 4.33 7.00 33.67 45.33 4.26 7.56 0.64 0.45 5.89 10.40 6.70 16.78 10.26 32.45 10.96 24.34 
42 16*14 28.47 41.67 26.43        26.63  54.67 50.14 3.00 6.00 30.17 40.00 3.43 6.59 0.60 0.41 5.36 10.83 5.79 16.23 9.25 23.42 9.21 22.83 
43 10*18 26.57 38.37 32.20        25.80  54.47 50.28 4.00 6.00 26.20 43.67 2.82 6.75 0.50 0.44 4.77 9.18 5.77 15.49 7.72 28.79 8.58 22.24 
44 15*18 29.17 43.60 29.30        26.00  63.56 55.75 4.00 6.33 30.67 40.00 3.59 7.01 0.64 0.65 4.61 7.78 5.58 10.78 9.83 28.56 9.17 17.79 
45 16*18 28.23 40.10 29.43        26.17  72.04 56.72 3.00 7.00 35.00 37.00 3.58 6.67 0.64 0.63 5.67 7.63 5.57 10.63 8.49 32.62 9.15 17.30 
46 IB1 25.97 37.70 30.07        24.27  62.94 54.77 4.00 6.67 24.00 27.83 2.63 7.82 0.59 0.82 4.32 7.58 4.48 9.51 7.27 26.96 7.12 17.33 
47 IBL 2 24.43 33.03 31.93        24.67  71.43 53.15 3.67 6.33 19.00 32.17 3.61 7.36 0.77 0.76 4.35 8.25 4.70 9.68 9.30 25.06 8.31 17.04 
48 IBL 3 26.17 34.90 29.10        24.23  64.69 55.31 4.00 5.67 21.50 36.23 3.40 6.23 0.74 0.66 4.34 7.63 4.61 9.48 10.29 23.28 8.02 15.71 
49 IBL 4 25.57 37.87 30.50        24.33  73.76 52.58 3.33 6.67 22.33 29.67 2.31 7.48 0.48 0.74 4.15 8.62 4.80 10.05 8.57 26.37 7.11 17.53 
50 IBL 5 24.60 36.33 29.87        24.63  66.83 49.06 3.33 6.67 19.17 31.00 2.71 6.16 0.58 0.64 4.38 7.32 4.65 9.62 8.36 24.54 7.36 15.78 
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Appendix  5 continued: Average performance of inbred parents, F1 progeny and hybrid checks under glasshouse conditions 
 
                                               CC                         CT                                 LA                           LN                            PH                           RDW                    RDW:SDW                 RFW                       SDW                      SFW                            TDW 
Entry Genotype DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW DS WW 
51 IBL 6 26.70 34.37 31.10        24.93  82.07 50.21 4.00 8.00 29.17 36.67 3.74 7.05 0.78 0.74 4.44 7.31 4.78 9.52 8.32 22.02 8.52 16.57 
52 IBL 7 22.83 31.77 31.70        25.70  83.22 49.75 3.67 6.33 24.17 30.00 2.93 6.09 0.66 0.63 5.07 7.79 4.45 9.77 8.81 21.20 7.38 15.86 
53 IBL 8 27.30 36.10 29.00        24.73  90.11 51.43 3.00 5.67 23.33 30.83 2.88 5.88 0.56 0.62 3.49 6.64 5.18 9.47 8.38 24.66 8.06 15.35 
54 IBL 9 26.77 34.20 30.07        24.47  64.31 54.08 3.33 7.00 22.17 35.00 3.82 5.97 0.86 0.61 4.32 7.67 4.43 9.71 10.32 18.25 8.25 15.68 
55 IBL 10 24.13 33.63 30.90        23.63  76.09 53.71 2.67 6.67 22.17 33.00 3.90 6.69 0.86 0.66 4.08 7.23 4.52 10.13 10.93 19.46 8.42 16.81 
56 IBL 11 27.07 34.67 29.90        24.33  78.60 52.20 4.00 7.33 26.50 34.83 3.74 7.49 0.86 0.80 4.33 7.16 4.33 9.41 10.58 21.76 8.07 16.89 
57 IBL 12 25.30 32.00 32.63        24.93  65.34 52.93 4.00 6.33 25.83 28.67 3.00 7.09 0.85 0.83 3.51 7.33 3.51 8.52 8.83 22.83 6.51 15.61 
58 IBL 13 25.87 33.93 32.73        26.73  63.59 48.99 2.67 5.67 29.17 31.57 2.58 6.25 0.70 0.69 4.45 6.37 3.68 9.11 9.50 20.01 6.26 15.37 
59 IBL 14 25.13 35.37 29.70        24.93  57.34 49.31 2.33 6.00 23.80 31.57 2.67 5.51 0.79 0.49 3.21 5.56 3.40 11.22 8.78 19.59 6.07 16.73 
60 IBL 15 24.47 30.97 30.57        24.67  55.57 48.92 3.67 5.67 24.67 29.77 1.96 5.46 0.47 0.66 3.56 5.31 4.16 8.31 8.63 28.40 6.12 13.78 
61 IBL16 26.20 34.83 31.13        24.87  70.00 48.62 3.00 5.67 24.67 26.67 3.41 6.97 0.72 0.75 3.37 5.50 4.71 9.35 9.66 23.60 8.12 16.32 
62 IBL 17 25.97 34.77 28.27        24.43  64.34 48.63 3.00 6.33 28.33 26.67 2.62 6.40 0.68 0.76 3.59 6.13 3.89 8.40 8.65 22.87 6.50 14.80 
63 IBL 18 24.53 35.17 32.07        24.10  63.97 50.90 3.00 5.00 24.00 22.83 2.22 5.00 0.53 0.63 3.36 5.60 4.62 7.90 11.09 20.54 6.83 12.90 
64 IBL19 27.20 29.47 32.43        25.10  59.01 49.81 3.00 5.00 23.00 26.67 2.44 5.36 0.74 0.73 3.46 5.37 3.31 7.30 9.41 23.03 5.75 12.66 
65 IBL 20 27.17 33.93 30.53        23.43  61.38 52.01 4.00 5.67 28.83 27.67 2.53 5.91 0.62 0.69 3.49 6.45 4.18 8.55 8.79 18.97 6.71 14.46 
66 IBL 21 28.60 34.77 28.00        24.03  63.63 53.48 2.33 5.33 22.00 29.00 2.25 6.32 0.61 0.83 3.66 5.58 3.77 7.58 8.07 21.64 6.02 13.90 
67 QS7719 24.63 33.00 27.03        23.77  64.12 78.84 3.33 5.67 30.50 30.33 2.99 6.94 0.47 0.43 3.36 6.38 6.30 16.02 7.08 29.03 9.29 22.96 
68 QS7646 26.37 35.47 31.60        24.00  78.23 87.52 3.33 7.00 29.00 39.67 2.39 8.11 0.43 0.43 3.37 5.99 5.53 18.71 8.01 33.32 7.92 26.82 
69 SC701 26.10 33.20 30.97        24.40  79.40 88.50 3.33 6.00 27.90 38.33 3.23 8.48 0.84 0.43 3.42 7.28 3.91 19.92 8.90 33.96 7.13 28.40 
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   Appendix 6: Female general combining ability effects for agronomic traits under 75% FC 
 
IBL SDW IBL CC IBL CT IBL EM IBL LA 
18 -2.76
a 
4 -1.24
a 
8 -1.85
a 
4 -0.22
a 
4 -3.13
a 
9 -1.56
ab 
9 -0.81
ab 
15 -1.37
a 
9 -0.19
a 
9 -2.43
ab 
1 -1.45
bc 
20 -0.76
ab 
3 -1.21
ab 
20 -0.19
a 
20 -1.55
abc 
8 -1.11
bcd 
2 -0.56
abc 
9 -0.97
ab 
2 -0.15
ab 
2 -1.13
abc 
16 -0.68
b-e 
8 -0.53
a-d 
16 -0.63
abc 
8 -0.15
ab 
8 -0.82
abc 
15 -0.24
c-f 
11 -0.28
a-e 
12 -0.50
abc 
11 -0.04
abc 
11 -0.38
a-d 
20 -0.08
d-g 
1 -0.11
b-f 
14 0.03
abc 
1 0.00
a-d 
1 -0.09
a-e 
5 0.36
efg 
3 0.11
b-f 
20 0.24
abc 
3 0.00
a-d 
3 0.13
a-e 
2 0.43
e-h 
5 0.20
b-f 
11 0.35
abc 
5 0.00
a-d 
5 0.36
a-e 
11 0.68
fgh 
12 0.46
c-f 
1 0.43
abc 
12 0.00
a-d 
12 0.63
b-e 
14 0.70
fgh 
14 0.49
c-f 
18 0.47
abc 
14 0.07
b-e 
14 0.75
b-e 
10 0.92
f-i 
18 0.53
def 
4 0.72
abc 
18 0.15
cde 
18 1.11
b-e 
3 1.09
ghi 
10 0.62
ef 
5 0.79
abc 
10 0.19
cde 
10 1.57
cde 
4 1.64
hi 
15 0.83
f 
2 1.50
bc 
15 0.22
de 
15 2.83
de 
12 2.07
i 
16 0.91
f 
10 2.00
c 
16 0.30
e 
16 3.33
e 
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Appendix 6 continued: Female general combining ability effects for agronomic traits under 75% FC 
 
IBL LN IBL PH IBL RDW IBL RDW:SDW IBL RFW 
8 -0.30
a 
4 -0.91
a 
18 -1.36
a 
4 -0.06
a 
9 -1.79
a 
9 -0.26
a 
9 -0.77
ab 
8 -1.09
a 
12 -0.04
a 
18 -1.59
a 
1 -0.19
a 
20 -0.69
abc 
1 -0.97
ab 
8 -0.03
a 
1 -1.55
a 
3 -0.19
a 
2 -0.37
abc 
16 -0.50
abc 
20 -0.01
ab 
8 -0.84
b 
12 -0.19
a 
8 -0.28
a-d 
20 -0.30
abc 
1 -0.01
ab 
15 -0.54
bc 
15 -0.15
a 
11 -0.19
a-d 
15 -0.30
abc 
16 -0.01
ab 
20 -0.32
bc 
20 -0.15
a 
1 -0.14
a-d 
4 -0.01
bcd 
2 -0.01
ab 
16 -0.29
c 
2 0.04
a 
3 -0.11
a-e 
2 0.19
cde 
3 -0.01
ab 
11 0.38
d 
14 0.04
a 
5 -0.02
a-f 
14 0.26
cde 
15 0.00
ab 
5 0.45
d 
10 0.07
a 
12 0.14
a-f 
9 0.31
cde 
14 0.01
ab 
2 0.46
de 
16 0.07
a 
14 0.22
b-f 
5 0.46
cde 
10 0.01
ab 
12 0.59
def 
18 0.15
a 
18 0.31
c-f 
3 0.51
cde 
5 0.02
ab 
10 0.83
def 
11 0.26
a 
10 0.78
def 
10 0.80
de 
18 0.03
ab 
14 1.00
ef 
5 0.37
a 
15 0.96
ef 
11 0.90
de 
11 0.04
ab 
3 1.11
f 
4 0.41
a 
16 1.05
f 
12 1.10
e 
9 0.08
b 
4 2.11
g 
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Appendix 6 continued: Female general combining ability effects for agronomic traits under 75% FC 
 
IBL SD IBL SFW IBL TDW 
15 -1.82
a 
18 -9.41
a 
18 -4.12
a 
9 -1.47
a 
14 -6.51
a 
1 -2.42
b 
10 -0.82
ab 
12 -4.23
a 
8 -2.19
b 
2 -0.71
ab 
1 -2.77
a 
9 -1.25
bc 
14 -0.62
abc 
2 -1.41
a 
16 -1.18
bc 
18 -0.44
abc 
9 -1.15
a 
15 -0.54
cd 
1 -0.25
abc 
16 -0.95
a 
20 -0.39
cde 
4 0.02
abc 
20 -0.57
a 
2 0.61
def 
11 0.03
abc 
3 0.44
a 
5 0.82
def 
5 0.08
abc 
11 0.50
a 
14 0.96
ef 
3 0.17
abc 
8 0.91
a 
11 1.58
f 
8 0.68
bcd 
10 1.17
a 
3 1.60
f 
12 1.05
bcd 
15 1.44
a 
4 1.64
f 
20 1.45
cd 
4 1.72
a 
10 1.72
fg 
16 2.64
d 
5 2.34
a 
12 3.17
g 
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Appendix 7: Female general combining ability at 25% FC 
IBL LA IBL LN IBL PH IBL CT IBL LR 
   
5 -4.59a
 
9 -0.33a
 
1 -2.76a
 
14 -0.37a
 
4 -0.59a
 
   
10 -3.35a
 
1 -0.30a
 
11 -1.57ab
 
11 -0.34a
 
10 -0.56a
 
   
11 -1.17a
 
16 -0.26a
 
8 -1.07ab
 
1 -0.31a
 
12 -0.44a
 
   
18 -0.95a
 
11 -0.15a
 
10 -0.99ab
 
20 -0.23a
 
5 -0.22b
 
   
20 -0.89a
 
14 -0.15a
 
12 -0.98ab
 
5 -0.18a
 
11 -0.22b
 
   
12 0.07a
 
20 -0.11a
 
20 -0.39ab
 
16 -0.16a
 
3 -0.11b
 
   
2 0.07a
 
5 -0.07a
 
9 0.17ab
 
10 -0.10a
 
14 -0.11b
 
   
15 0.13a
 
8 -0.04a
 
18 0.21ab
 
12 -0.07a
 
2 0.11c
 
   
4 0.33a
 
18 -0.04a
 
4 0.22ab
 
4 0.01a
 
8 0.11c
 
   
9 0.56a
 
15 0.07a
 
16 0.33ab
 
2 0.07a
 
16 0.11c
 
   
14 0.88a
 
12 0.19a
 
15 0.66ab
 
9 0.22a
 
9 0.19cd
 
   
8 1.10a
 
2 0.19a
 
14 0.77ab
 
15 0.27a
 
1 0.33de
 
   
3 2.18a
 
10 0.19a
 
5 1.24ab
 
8 0.27a
 
20 0.41ef
 
   
1 2.41a
 
3 0.37a
 
3 1.52ab
 
18 0.45a
 
15 0.44ef
 
   
16 3.22a
 
4 0.44a
 
2 2.65b
 
3 0.49a
 
18 0.56f
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Appendix 7 continued Female general combining ability at 25% FC 
IBL RDW IBL RDW:SDW IBL RFW IBL SDW IBL SFW IBL TDW 
18 -0.40
a 
3 -0.10
a 
 8 -0.99
a 
1 -0.79
a 
20 -0.56
a 
1 -0.95
a 
16 -0.27
a 
9 -0.05
ab 
 1 -0.39
b 
18 -0.37
ab 
10 -0.49
a 
18 -0.77
a 
8 -0.19
a 
8 -0.05
ab 
 5 -0.28
b 
16 -0.35
ab 
11 -0.45
a 
16 -0.62
ab 
2 -0.10
a 
18 -0.04
ab 
 18 -0.27
b 
20 -0.25
ab 
12 -0.25
a 
20 -0.31
abc 
1 -0.09
a 
2 -0.02
ab 
 15 -0.23
bc 
11 -0.15
ab 
3 -0.24
a 
14 -0.12
abc 
3 -0.06
a 
15 -0.01
ab 
 20 -0.15
bcd 
14 -0.08
ab 
5 -0.19
a 
2 -0.08
abc 
14 -0.04
a 
16 0.00
ab 
 9 -0.05
b-e 
2 0.03
ab 
14 -0.03
a 
8 -0.07
abc 
15 0.06
a 
14 0.00
ab 
 12 -0.04
b-e 
4 0.05
ab 
2 0.08
a 
9 0.01
abc 
10 0.21
a 
10 0.01
ab 
 16 0.02
b-f 
8 0.12
ab 
15 0.15
a 
11 0.14
abc 
11 0.30
a 
20 0.02
ab 
 4 0.17
c-f 
10 0.16
ab 
4 0.25
a 
15 0.25
abc 
12 0.44
a 
4 0.03
b 
 10 0.21
d-g 
15 0.19
ab 
18 0.28
a 
4 0.30
abc 
5 0.55
a 
12 0.04
b 
 14 0.31
efg 
9 0.20
ab 
9 0.31
a 
3 0.34
abc 
9 1.21
a 
5 0.04
b 
 3 0.44
fg 
5 0.23
ab 
16 0.34
a 
10 0.37
abc 
20 1.38
a 
1 0.06
b 
 11 0.61
g 
12 0.45
b 
8 0.37
a 
5 0.6
abc 
4 1.92
a 
11 0.06
b 
 2 0.62
g 
3 0.56
b 
1 0.43
a 
12 0.89
c 
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Appendix 8: Male General combining ability for agronomic traits under 75 % FC 
Genotype SDW Genotype CC Genotype CT Genotype EM Genotype LA Genotype SFW Genotype TDW 
18 -2.74
a 
6 -1.13
a 
11 -3.31
a 
6 -0.22
a 
6 -5.03 19 -3.74
a 
18 -3.40
a 
21 -2.21
a 
7 -0.93
a 
18 -2.65
ab 
7 -0.22
a 
7 -4.21 13 -2.90
a 
19 -3.26
a 
20 -2.03
a 
19 -0.69
a 
19 -1.59
abc 
19 -0.20
ab 
19 -2.90 2 -1.66
a 
21 -2.67
a 
19 -1.69
ab 
13 -0.46
a 
4 -1.05
a-d 
13 -0.15
abc 
13 -2.36 20 -1.38
a 
20 -2.32
a 
11 -0.75
bc 
17 -0.36
a 
17 -1.01
a-d 
17 -0.15
abc 
17 -1.68 14 -1.09
a 
8 -0.90
a 
6 -0.46
bcd 
21 -0.14
ab 
7 -0.27
b-e 
21 -0.11
a-d 
21 -1.23 17 -0.86
a 
6 -0.45
a 
8 -0.43
cd 
4 -0.09
ab 
9 -0.09
cde 
4 -0.07
a-d 
4 -0.66 9 -0.45
a 
12 0.72
a 
17 0.52
de 
9 -0.03
ab 
13 0.49
cde 
9 -0.07
a-d 
9 -0.41 7 -0.11
a 
9 0.80
a 
12 0.56
de 
20 0.07
ab 
21 0.52
cde 
20 0.00
b-e 
20 -0.01 12 0.20
a 
17 0.94
a 
9 0.82
e 
2 0.09
ab 
12 0.70
cde 
2 0.04
cde 
2 0.18 8 0.29
a 
2 1.47
a 
2 1.18
ef 
8 0.18
ab 
20 1.14
de 
8 0.07
def 
8 0.50 18 0.89
a 
4 1.53
a 
4 1.21
ef 
11 0.31
ab 
2 1.18
de 
11 0.07
def 
11 0.95 11 1.37
a 
13 1.73
a 
13 1.69
ef 
12 0.37
ab 
6 1.86
e 
12 0.15
ef 
12 2.46 4 1.83
a 
14 2.68
a 
7 2.15
f 
14 0.67
ab 
14 1.95
e 
14 0.17
ef 
14 3.46 21 3.76
a 
7 3.51
a 
14 2.18
f 
18 1.83
b 
8 2.13
e 
18 0.26
f 
18 4.92 6 3.84
a 
11 7.80
a 
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Appendix 8 continued: Male General combining ability for agronomic traits under 75 % FC 
Genotype LN Genotype PH Genotype RDW Genotype RDW:SDW Genotype SD 
19 -0.59
a 
6 -1.88
a 
19 -1.38
a 
13 -0.07
a 
 
8 -1.66 
4 -0.30
a 
7 -1.70
ab 
18 -0.66
ab 
2 -0.06
ab 
 
6 -1.26 
13 -0.19
a 
19 -1.49
ab 
8 -0.47
abc 
14 -0.05
abc 
 
4 -1.17 
21 -0.19
a 
13 -1.37
ab 
21 -0.46
abc 
9 -0.03
a-d 
 
21 -0.47 
2 -0.19
a 
17 -0.70
abc 
20 -0.29
bc 
19 -0.03
a-d 
 
17 -0.31 
18 -0.15
a 
21 -0.57
abc 
9 -0.03
bc 
4 -0.03
a-d 
 
7 -0.26 
11 -0.07
a 
4 -0.45
a-d 
6 0.02
bc 
12 -0.01
a-d 
 
14 -0.24 
9 0.04
a 
9 -0.24
a-e 
13 0.04
bc 
17 0.00
a-d 
 
12 -0.05 
12 0.07
a 
20 -0.06
a-e 
12 0.16
bc 
6 0.01
a-d 
 
2 0.22 
14 0.07
a 
2 0.01
a-e 
11 0.19
bc 
7 0.02
a-d 
 
18 0.29 
7 0.19
a 
8 0.30
a-e 
2 0.29
bc 
8 0.02
a-d 
 
20 0.58 
8 0.26
a 
11 0.56
b-e 
4 0.32
bc 
11 0.04
bcd 
 
9 0.59 
20 0.26
a 
12 1.05
cde 
17 0.42
cd 
20 0.06
cd 
 
13 0.78 
17 0.37
a 
14 1.87
de 
14 0.49
cd 
18 0.06
d 
 
11 1.44 
6 0.41
a 
18 1.97
e 
7 1.36
d 
21 0.07
d 
 
19 1.52 
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Appendix 9: Male General Combining ability effects for agronomic traits under 25% FC 
Genotype LA Genotype LN Genotype PH Genotype LR Genotype ct 
14 -5.75
a 
12 -0.26
a 
21 -2.80
a 
2 -0.78
a 
2 -0.79
a 
17 -4.40
a 
13 -0.15
a 
4 -1.98
a 
11 -0.78
a 
19 -0.60
a 
9 -3.70
a 
19 -0.11
a 
19 -1.44
a 
6 -0.48
b 
14 -0.53
a 
6 -2.91
a 
9 -0.07
a 
2 -0.87
a 
7 -0.26
c 
18 -0.39
a 
11 -1.97
a 
20 -0.07
a 
18 -0.83
a 
12 -0.22
c 
4 -0.18
a 
19 -1.88
a 
8 -0.04
a 
14 -0.28
a 
20 -0.22
c 
17 -0.12
a 
8 -0.11
a 
17 -0.04
a 
6 -0.17
a 
21 -0.22
c 
13 -0.10
a 
21 1.12
a 
7 0.00
a 
20 0.07
a 
9 0.00
d 
7 -0.08
a 
20 1.39
a 
11 0.07
a 
8 0.10
a 
4 0.11
d 
9 0.03
a 
2 2.08
a 
2 0.07
a 
11 0.77
a 
13 0.11
d 
8 0.11
a 
4 2.31
a 
18 0.07
a 
17 1.09
a 
14 0.11
d 
20 0.15
a 
12 2.73
a 
6 0.11
a 
12 1.11
a 
17 0.11
d 
21 0.23
a 
18 3.02
a 
4 0.15
a 
7 1.61
a 
18 0.11
d 
11 0.68
a 
13 3.27
a 
21 0.19
a 
13 1.70
a 
19 0.74
e 
6 0.74
a 
7 4.78
a 
14 0.19
a 
9 1.91
a 
8 1.56
f 
12 0.92
a 
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Appendix 9 continued: Male General Combining ability effects for agronomic traits under 25% FC 
Genotype RDW Genotype RDW:SDW Genotype RFW Genotype SDW Genotype SFW Genotype TDW 
19 -0.62
a 
21 -0.07
a 
20 -1.64
a 
20 -0.78
a 
19 -0.89
a 
19 -1.21
a 
8 -0.49
ab 
8 -0.07
a 
19 -1.32
b 
19 -0.62
a 
18 -0.51
a 
20 -1.11
a 
18 -0.43
abc 
19 -0.04
a 
18 -0.42
b 
18 -0.58
a 
2 -0.41
a 
18 -1.01
ab 
21 -0.21
a-d 
9 -0.03
a 
21 -0.35
bc 
2 -0.38
ab 
13 -0.41
a 
8 -0.56
abc 
20 -0.16
a-d 
12 -0.03
a 
2 -0.06
bcd 
13 -0.18
ab 
17 -0.34
a 
2 -0.43
abc 
7 -0.11
a-e 
18 -0.01
a 
8 0.01
bcd 
7 -0.10
ab 
4 -0.31
a 
7 -0.18
a-d 
12 -0.03
b-f 
7 0.00
a 
11 0.06
b-e 
17 -0.05
ab 
8 -0.10
a 
13 -0.12
a-d 
2 0.08
c-g 
4 0.00
a 
17 0.16
b-f 
8 -0.04
ab 
9 0.00
a 
17 0.03
a-d 
17 0.08
c-g 
17 0.02
a 
14 0.19
b-f 
12 0.28
ab 
14 0.04
a 
21 0.09
a-e 
13 0.16
d-g 
20 0.03
a 
12 0.31
c-f 
14 0.30
ab 
7 0.09
a 
12 0.26
b-e 
9 0.18
d-g 
2 0.03
a 
13 0.42
def 
21 0.30
ab 
20 0.37
a 
9 0.31
b-e 
4 0.37
e-h 
6 0.04
a 
9 0.56
def 
9 0.33
ab 
11 0.51
a 
14 0.75
cde 
14 0.45
fgh 
11 0.04
a 
7 0.57
def 
11 0.42
ab 
21 0.75
a 
4 0.76
cde 
11 0.55
gh 
14 0.04
a 
6 0.72
ef 
4 0.45
ab 
6 0.80
a 
11 0.99
de 
6 0.73
h 
13 0.05
a 
4 0.78
f 
6 0.72
b 
12 0.89
a 
6 1.40
e 
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Appendix 10: Specific Combining Ability effects for agronomic traits under 75% FC 
Genotype RDW:SDW Genotype       RFW Genotype SD Genotype SDW Genotype SFW 
 
43 -0.15
a 
9 -1.72 43 -1.87
a 
37 -2.79
a 
42 -3.19
a 
6 -0.10
ab 
24 -1.53
ab 
42 -1.84
a 
33 -2.27
ab 
8 -2.60 
ab 
38 -0.08
abc 
2 -1.39
abc 
10 -1.18
ab 
28 -1.89
abc 
44 -2.43 
ab 
36 -0.07
a-d 
28 -0.91
a-d 
14 -1.17
ab 
35 -1.77
a-d 
3 -2.33 
ab
 
2 -0.06
a-e 
13 -0.89
a-d 
20 -0.90
ab 
23 -1.37
a-e 
28 -2.17 
ab
 
31 -0.06
a-e 
10 -0.85
a-d 
36 -0.89
ab 
1 -1.34
a-e 
10 -2.16 
ab
 
14 -0.05
-f 
40 -0.80
a-d 
39 -0.77
ab 
44 -1.28
a-f 
6 -2.13 
ab
 
42 -0.05
a-f 
26 -0.66
a-e 
27 -0.77
ab 
9 -1.27
a-g 
14 -2.04 
ab
 
28 -0.04
a-f 
20 -0.58
a-e 
44 -0.74
ab 
25 -1.02
a-h 
24 -1.95 
ab
 
12 -0.04
a-f 
32 -0.52
a-e 
17 -0.72
ab 
5 -1.01
a-h 
33 -1.93 
ab
 
20 -0.04
a-f 
6 -0.48
a-e 
12 -0.71
ab 
45 -0.99
a-h 
43 -1.93 
ab
 
24 -0.04
a-f 
38 -0.41
a-e 
29 -0.65
ab 
21 -0.83
b-i 
18 -1.91 
ab
 
16 -0.04
 a-f
 18 -0.40
a-e 
5 -0.65
ab 
15 -0.72
b-j 
7 -1.86 
ab
 
22 -0.03
 a-f
 34 -0.32
a-e 
18 -0.53
ab 
11 -0.61
b-k 
19 -1.83 
ab
 
32 -0.03
 a-f
 17 -0.28
a-e 
3 -0.41
ab 
16 -0.50
b-k 
15 -1.19 
ab
 
26 -0.03
 a-f
 45 -0.25
a-e 
28 -0.32
ab 
42 -0.31
c-l 
16 -1.06 
ab
 
7 -0.03
 a-f
 11 -0.23
a-e 
22 -0.32
 ab
 41 -0.20
c-l 
38 -1.05 
ab
 
8 -0.03
 a-f
 39 -0.21
a-e 
31 -0.31
 ab
 34 -0.20
c-l 
11 -0.93 
ab
 
25 -0.02
 a-f
 25 -0.08
a-e 
9 -0.23
 ab
 27 -0.11
c-l 
1 -0.85 
ab
 
30 -0.02
 a-f
 30 -0.05
a-e 
1 -0.18
 ab
 10 -0.05
c-l 
26 -0.77 
ab
 
21 -0.02
 a-f
 5 0.00
a-e 
33 -0.09
 ab
 18 0.06
d-m 
37 -0.60 
ab
 
39 -0.02
 a-f
 1 0.02
a-e 
13 -0.07
 ab
 14 0.17
e-n 
5 -0.58 
ab
 
41 0.00
 a-f
 36 0.14
b-f 
4 0.01
 ab
 32 0.19
e-n 
40 -0.58 
ab
 
18 0.00
 a-f
 44 0.14
b-f 
8 0.06
 ab
 8 0.20
e-n 
32 -0.48 
ab
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Appendix  10  continued: Specific Combining Ability effects for agronomic traits under 75% FC 
Genotype RDW:SDW Genotype          RFW Genotype SD Genotype SDW Genotype SFW  
13 0.00
 a-f
 43 0.18
b-f 
25 0.09
 ab
 20 0.23
e-n 
35 -0.40 
ab
 
11 0.01
 a-f
 4 0.22
b-f 
24 0.11
 ab
 4 0.27
e-n 
25 -0.31 
ab
 
4 0.01
 a-f
 27 0.23
b-f 
7 0.17
 ab
 30 0.31
e-n 
34 -0.24 
ab
 
35 0.02 
b-f 
33 0.25
b-f 
23 0.21
 ab
 22 0.43
e-o 
23 -0.19 
ab
 
17 0.02
 b-f
 22 0.29 
c-f 
19 0.23
 ab
 17 0.44
e-o 
36 0.31 
ab
 
15 0.03
 b-f
 7 0.32
 c-f
 35 0.25
 ab
 40 0.51
e-o 
29 0.55 
ab
 
29 0.03
 b-f
 29 0.34
 c-f
 41 0.35
 ab
 3 0.53
e-o 
20 0.64 
ab
 
3 0.04
 b-f
 41 0.34
 c-f
 37 0.38
 ab
 13 0.55
e-o 
27 0.76 
ab
 
1 0.04
 b-f
 15 0.38
 c-f
 38 0.39
 ab
 19 0.60
f-o 
21 0.86 
ab
 
9 0.05
 b-f
 12 0.39
 c-f
 32 0.40
 ab
 12 0.65
g-o 
30 1.29 
ab
 
19 0.05
 b-f
 37 0.52 
def 
2 0.59
 ab
 6 0.74
h-o 
39 1.31 
ab
 
40 0.05
 b-f
 35 0.52
 def
 34 0.64
 ab
 2 0.81
h-o 
22 1.81 
ab
 
27 0.06
 b-f
 42 0.53
 def
 6 0.64
 ab
 24 0.94
i-o 
31 2.08 
ab
 
45 0.06 
c-f 
31 0.61
 def
 21 0.67
 ab
 7 1.07
i-o 
4 2.38 
ab
 
10 0.07
 c-f
 23 0.73
def 
26 0.69
 ab
 26 1.13
j-o 
17 2.63 
ab
 
34 0.07
 c-f
 21 0.79
def 
30 0.97
 ab
 39 1.30
k-o 
12 2.76 
ab
 
23 0.08
 c-f
 19 0.85
def 
15 1.24
 ab
 38 1.48
l-o 
2 2.85 
ab
 
5 0.08
 c-f
 14 0.87
def 
16 1.25
 ab
 29 1.58
l-o 
13 2.89 
ab
 
44 0.09
def 
16 1.04
ef 
40 1.49
 ab
 36 1.96
mno 
41 3.44 
ab
 
37 0.09
ef 
8 1.13
ef 
11 1.89
 ab
 31 2.08
no 
45 4.02
b 
33 0.11
f 
3 1.93
f 
45 2.61
b 
43 2.27
o 
9 4.13
b 
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Appendix 10 continued: Specific Combining Ability effects for agronomic traits under 75% FC 
 
        
Genotype TDW Genotype TDW Genotype PH Genotype PH   
 37 -2.88
a 
18 0.18
c-k 
22 -3.06
a 
33 0.01
a 
35 -2.31
ab 
10 0.24
c-k 
12 -2.74
 a
 18 0.04
a 
25 -2.09
abc 
34 0.26
c-k 
14 -1.91
 a
 7 0.06
a 
1 -1.91
abc 
2 0.26
c-k 
38 -1.7
 a
 43 0.13
a 
33 -1.59
a-d 
32 0.27
c-k 
36 -1.7
 a
 9 0.17
a 
28 -1.58
a-d 
12 0.48
d-k 
21 -1.56
 a
 37 0.3
a 
21 -1.55
a-d 
4 0.61
d-k 
31 -1.38
 a
 16 0.37
a 
16 -1.17
a-e 
27 0.68
d-k 
42 -1.32
 a
 10 0.43
a 
42 -1.17
a-e 
24 0.9
e-k 
1 -1.17
 a
 3 0.44
a 
23 -1.03
a-f 
13 0.97
e-k 
29 -0.99
 a
 25 0.56
a 
9 -1.02
a-g 
17 1.03
e-k 
20 -0.94
 a
 2 0.72
a 
44 -0.77
a-h 
38 1.09
e-k 
13 -0.8
 a
 4 1.11
a 
11 -0.69
a-h 
7 1.33
f-k 
28 -0.7
 a
 32 1.37
a 
15 -0.62
a-h 
31 1.36
g-k 
6 -0.61
 a
 39 1.41
a 
45 -0.62
a-h 
43 1.42
h-k 
26 -0.56
 a
 23 1.5
a 
30 -0.46
b-i 
26 1.45
h-k 
5 -0.5
 a
 24 1.56
a 
6 -0.43
b-i 
3 1.49
h-k 
40 -0.43
 a
 30 1.69
a 
20 -0.38
b-j 
40 1.49
h-k 
17 -0.41
 a
 41 1.74
a 
5 -0.34
b-j 
39 1.83
ijk 
35 -0.38
 a
 34 2.08
a 
14 -0.31
b-j 
19 1.97
jk 
8 -0.22
 a
 11 2.32
a 
41 -0.28
b-k 
29 2.08
k 
45 -0.09
 a
 19 2.5
a 
8 0.12
c-k 
36 2.1
k 
44 -0.0
 
4
 a
 15 2.7
a 
22 0.16
c-k 
  27 0a     
TDW-total dry weight, PH-plant height 
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Appendix 11: Specific Combining Ability effects for agronomic traits under 25% FC 
Genotype LN Genotype ph Genotype LR Genotype RDW Genotype RDW:SDW 
25 -0.52
a 
25 -6.19
a 
30 -2.18
 a
 43 -1.08
 a
 25 -0.18
 a
  
24 -0.41
 a
 21 -5.96
 ab
 39 -0.80
 b
 26 -1.00
 a
 12 -0.13
 ab
  
10 -0.41
 a
 43 -3.43
 abc
 11 -0.76
 bc
 24 -0.99
 a
 24 -0.13
 ab
  
23 -0.30
 a
 15 -2.76
 abc
 6 -0.69
 bcd
 30 -0.98
 a
 14 -0.12
 ab
  
38 -0.15
 a
 39 -2.72
 abc
 25 -0.53
 b-e
 12 -0.96
 a
 31 -0.12
 ab
  
27 -0.07
 a
 11 -2.37
 abc
 18 -0.43
 b-f
 42 -0.88
 a
 43 -0.11
 abc
  
17 -0.07
 a
 4 -2.06
 abc
 16 -0.43
 b-f
 21 -0.83
 a
 21 -0.09
 abc
  
15 -0.07
 a
 36 -1.93
 abc
 20 -0.42
 b-f
 14 -0.82
 a
 30 -0.08
 a-d
  
30 0.00
 a
 9 -1.56
 abc
 36 -0.41
 b-f
 25 -0.81
 a
 9 -0.06
 a-d
  
34 0.00
 a
 2 -1.39
 abc
 23 -0.31
 b-g
 1 -0.65
 a
 17 -0.06
 a-d
  
26 0.04
 a
 17 -1.37
 abc
 2 -0.24
 b-h
 17 -0.60
 a
 29 -0.06
 a-d
  
42 0.07
 a
 28 -1.34
 abc
 29 -0.18
 b-i
 35 -0.58
 a
 38 -0.05
 a-d
  
29 0.11
 a
 42 -1.33
 abc
 31 -0.18
 b-i
 31 -0.55
 a
 10 -0.05
 a-d
  
31 0.11
 a
 10 -1.26
 abc
 35 -0.18
 b-i
 38 -0.55
 a
 2 -0.04
 a-d
  
22 0.15
 a
 38 -1.22
 abc
 40 -0.14
 b-i
 10 -0.52
 a
 42 -0.04
 a-d
  
18 0.15
 a
 13 -0.98
 abc
 41 -0.14
 b-i
 7 -0.50
 a
 4 -0.03
 a-d
  
43 0.19
 a
 23 -0.96
 abc
 43 -0.14
 b-i
 4 -0.44
 a
 26 -0.03
 a-d
  
3 0.19
 a
 18 -0.87
 abc
 44 -0.14
 b-i
 16 -0.43
 a
 36 -0.02
 a-d
  
8 0.19
 a
 3 -0.83
 abc
 15 -0.09
 c-j
 8 -0.38
 a
 34 -0.02
 a-d
  
37 0.19
 a
 44 -0.62
 abc
 3 -0.02
 d-k
 3 -0.38
 a
 39 -0.01
 a-d
  
45 0.19
 a
 40 -0.51
 abc
 4 -0.02
 d-k
 41 -0.37
 a
 13 -0.01
 a-d
  
32 0.22
 a
 31 -0.41
 abc
 7 -0.02
 d-k
 6 -0.37
 a
 20 0.00
 a-d
  
4 0.30
 a
 5 -0.33
 abc
 24 0.03
 e-k
 39 -0.36
 a
 41 0.00
 a-d
  
36 0.33
 a
 32 -0.32
 abc
 19 0.06
 e-k
 34 -0.35
 a
 1 0.00
 a-d
  
1 0.41
 a
 7 -0.17
 abc
 10 0.13
 e-k
 32 -0.34
 a
 18 0.00
 a-d
  
5 0.41
 a
 24 -0.02
 abc
 21 0.14
 e-k
 23 -0.30
 a
 6 0.02
 a-d
  
6 0.41
 a
 29 0.14
 abc
 34 0.15
 f-k
 2 -0.21
 a
 5 0.02
 a-d
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Appendix 11 continued: Specific Combining Ability effects for agronomic traits under 25% FC 
Genotype LN Genotype PH Genotype LR Genotype RDW Genotype RDW:SDW 
7 0.41
 a
 35 0.18
 abc
 38 0.20
 f-k
 5 -0.2 0
 a
 32 0.02
 a-d
  
11 0.48
 a
 26 0.20
 abc
 42 0.20
 f-k
 28 -0.18
 a
 8 0.03
 a-d
  
13 0.48
 a
 33 0.73
 abc
 1 0.20
 f-k
 37 -0.18
 a
 7 0.04
 a-d
  
19 0.48
 a
 20 0.76
 abc
 5 0.20
 f-k
 44 -0.16
 a
 35 0.04
 a-d
  
44 0.52
 a
 22 0.98
 abc
 8 0.20
 f-k
 29 -0.16
 a
 23 0.04
 a-d
  
2 0.52
 a
 30 1.20
 abc
 13 0.24
 f-k
 13 -0.14
 a
 3 0.05
 a-d
  
9 0.52
 a
 8 1.72
 abc
 14 0.24
 f-k
 33 -0.14
 a
 40 0.05
 a-d
  
14 0.70
 a
 34 1.76
 abc
 22 0.25
 f-k
 9 -0.13
 a
 45 0.05
 a-d
  
41 0.74
 a
 41 1.84
 abc
 26 0.25
 f-k
 15 -0.10
 a
 44 0.06
 a-d
  
40 0.74
 a
 1 2.22
 abc
 37 0.35
 g-k
 19 -0.07
 a
 16 0.06
 a-d
  
33 0.78
 a
 16 2.24
 abc
 28 0.41
 h-k
 18 -0.02
 a
 37 0.06
 a-d
  
35 0.78
 a
 6 2.39
 abc
 9 0.42
 h-k
 36 0.04
 a
 22 0.09
 a-d
  
39 0.85
 a
 12 3.63
 bc
 32 0.48
 ijk
 22 0.05
 a
 19 0.09
 a-d
  
28 1.00
 a
 14 3.74
 bc
 12 0.57
 jk
 20 0.06
 a
 33 0.10
 a-d
  
12 1.04
 a
 37 3.94
 c
 17 0.57
 jk
 45 0.16
 a
 15 0.13
 bcd
  
16 1.04
 a
 45 4.05
 c
 27 0.58
 jk
 40 0.17
 a
 28 0.14
 bcd
  
20 1.37
 a
 19 5.20
 c
 45 0.64
 k
 11 0.33
 a
 11 0.18
 cd
  
21 2.59
 a
 27 5.98
 c
 33 2.15
 l
 27 0.65
 a
 27 0.21
 d
  
LN-leaf number, PH-plant height, LR- leaf roll, RDW –root dry weight, RDW:SDW- root dry weight to shoot dry weight ratio 
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Appendix 11 continued: Specific Combining Ability effects for agronomic traits under 25% FC 
Genotype RFW Genotype SDW Genotype SFW Genotype TDW 
   
9 -0.62
 a
 28 -0.92
 a
 3 -0.90
 a
 26 -1.22
 a
 
   
43 -0.43
 ab
 35 -0.76
 ab
 43 -0.74
 a
 35 -1.04
 ab
 
   
39 -0.40
 abc
 33 -0.69
 abc
 26 -0.63
 a
 42 -0.89
 abc
 
   
1 -0.37
 abc
 16 -0.66
 abc
 17 -0.57
 a
 16 -0.76
 a-d
 
   
38 -0.37
 abc
 26 -0.64
 abc
 45 -0.54
 a
 43 -0.75
 a-d
 
   
29 -0.30
 a-d
 19 -0.56
 abc
 24 -0.53
 a
 30 -0.75
 a-d
 
   
4 -0.27
 a-e
 11 -0.54
 abc
 19 -0.53
 a
 28 -0.65
 a-d
 
   
24 -0.26
 a-f
 8 -0.50
 abc
 38 -0.41
 a
 8 -0.64
 a-d
 
   
36 -0.26
 a-f
 15 -0.48
 abc
 5 -0.39
 a
 21 -0.60
 a-d
 
   
42 -0.25
 a-f
 3 -0.39
 abc
 15 -0.37
 a
 33 -0.48
 a-d
 
   
19 -0.25
 a-f
 42 -0.38
 abc
 8 -0.34
 a
 12 -0.46
 a-e
 
   
11 -0.24
 a-f
 32 -0.37
 abc
 42 -0.32
 a
 3 -0.42
 a-e
 
   
27 -0.23
 a-f
 37 -0.34
 abc
 31 -0.31
 a
 19 -0.42
 a-e
 
   
5 -0.21
 a-f
 44 -0.25
 abc
 13 -0.27
 a
 32 -0.36
 a-f
 
   
18 -0.20
 a-f
 22 -0.23
 abc
 12 -0.25
 a
 6 -0.32
 a-f
 
   
40 -0.20
 a-f
 6 -0.22
 abc
 7 -0.16
 a
 24 -0.30
 a-f
 
   
34 -0.19
 a-f
 1 -0.22
 abc
 30 -0.13
 a
 14 -0.28
 a-f
 
   
16 -0.16
 a-f
 30 -0.21
 abc
 35 -0.09
 a
 1 -0.28
 a-f
 
   
32 -0.15
 a-g
 27 -0.14
 abc
 29 -0.07
 a
 15 -0.24
 a-f
 
   
44 -0.15
 a-g
 34 -0.14
 abc
 11 -0.06
 a
 34 -0.19
 a-f
 
   
14 -0.12
 a-h
 7 -0.11
 abc
 16 -0.04
 a
 37 -0.15
 a-f
 
   
20 -0.11
 a-h
 5 -0.11
 abc
 21 0.04
 a
 7 -0.10
 a-f
 
   
23 -0.11
 a-h
 21 -0.10
 abc
 36 0.05
 a
 5 -0.06
 a-f
 
   
25 -0.05
 a-h
 43 -0.04
 abc
 4 0.07
 a
 44 -0.05
 a-f
 
   
8 -0.03
 a-h
 23 -0.02
 abc
 39 0.09
 a
 41 -0.01
 a-f
 
   
31 0.02
 a-h
 41 0.00
 abc
 23 0.10
 a
 17 0.05
 a-f
 
   
13 0.03
 a-h
 12 0.06
 abc
 34 0.11
 a
 38 0.06
 a-f
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Appendix 11 continued: Specific Combining Ability effects for agronomic traits under 25% FC 
Genotype RFW Genotype SDW Genotype SFW Genotype TDW 
   
15 0.09
 a-h
 39 0.09
 abc
 33 0.15
 a
 39 0.10
 a-f
 
   
12 0.12
 a-h
 14 0.20
 abc
 1 0.17
 a
 23 0.13
 a-f
 
   
10 0.13
 a-h
 24 0.23
 abc
 25 0.19
 a
 22 0.17
 a-f
 
   
30 0.13
 a-h
 38 0.24
 abc
 32 0.23
 a
 10 0.23
 a-f
 
   
33 0.14
 a-h
 45 0.28
 abc
 28 0.27
 a
 11 0.23
 a-f
 
   
3 0.14
 a-h
 10 0.31
 abc
 10 0.39
 a
 25 0.28
 a-f
 
   
28 0.18
 b-h
 4 0.32
 abc
 6 0.39
 a
 4 0.38
 a-f
 
   
26 0.22
 b-h
 17 0.32
 abc
 41 0.40
 a
 13 0.53
 a-f
 
   
2 0.24
 b-h
 13 0.33
 abc
 22 0.41
 a
 2 0.70
 a-f
 
   
22 0.31
 b-h
 40 0.37
 abc
 40 0.42
 a
 18 0.70
 b-f
 
   
17 0.36
 c-h
 18 0.40
 abc
 44 0.51
 a
 9 0.74
 b-f
 
   
35 0.45
 d-h
 2 0.59
 abc
 27 0.57
 a
 45 0.80
 c-f
 
   
6 0.48
 d-h
 9 0.60
 abc
 9 0.58
 a
 31 0.84
 c-f
 
   
21 0.50
 e-h
 20 0.64
 abc
 20 0.61
 a
 40 0.91
 def
 
   
41 0.53
 fgh
 25 0.77
 abc
 18 0.69
 a
 27 0.94
 def
 
   
37 0.64
 gh
 36 0.89
 abc
 14 0.71
 a
 20 1.02
 def
 
   
7 0.65
 h
 31 1.05
 bc
 2 0.80
 a
 36 1.23
 ef
 
   
45 0.66
 h
 29 1.12
 c
 37 0.81
 a
 29 1.40
 f
 
   
RFW-root fresh weight, SDW- shoot dry weight, SFW-shoot fresh weight, TDW- total dry weight 
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Appendix 12: Correlation coefficients for inbred lines under 25 % FC 
 
TRAIT LA LR LN PH RDW RDW:SDW RFW SDW TDW 
LA 1.00 
        
LR -0.10 1.00 
       
LN 0.16 -0.51* 1.00 
      
PH 0.00 0.02 0.16 1.00 
     
RDW 0.49* -0.36 0.26 -0.09 1.00 
    
RDW:SDW 0.45* -0.60* 0.46* -0.39 0.45* 1.00 
   
RFW 0.42 -0.38 0.40 -0.12 0.42 0.71** 1.00 
  
SDW 0.65* -0.26 0.31 -0.28 0.36 0.58* 0.35 1.00 
 
TDW 0.69** -0.38 0.35 -0.21 0.85*** 0.62** 0.47* 0.80*** 1 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, LA- leaf area, LN- leaf number, LR- leaf roll, PH-plant height, RDW- root dry weight, RDW:SDW- root dry weight to shoot dry 
weight ratio, SDW-shoot dry weight. 
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 Appendix 13: Correlation coefficients for inbred lines under 75 % FC 
TRAIT LN RDW RDW:SDW RFW SDW TDW 
LN 1 
     
RDW 0.63* 1.00 
    
RDW:SDW 0.16 0.68** 1.00 
   
RFW 0.65* 0.63* 0.15 1.00 
  
SDW 0.54* 0.33 -0.46* 0.52* 1.00 
 
TDW -0.49* -0.61* -0.12 -0.81*** -0.54* 1.00 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 LN-leaf number, RDW- root dry weight, RDW:SDW- root dry weight to shoot dry weight, RFW- root fresh weight, SDW-shoot dry 
weight, TDW-total dry weight. 
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Appendix 14: Correlation coefficients for experimental hybrids under 25 % FC 
TRAIT CC CT LA LN LR PH RDW RDW:SDW RFW SDW SFW TDW 
CC 1.00 
           
CT 0.08 1.00 
          
LA 0.03 0.03 1 
         
LN 0.11 0.07 0.21 1.00 
        
LR 0.26 0.07 -0.11 -0.05 1.00 
       
PH 0.16 0.05 0.01 0.16 0.15 1.00 
      
RDW -0.22 -0.26 -0.15 0.02 -0.53** 0.12 1.00 
     
RDW:SDW -0.24 0.00 0.20 0.18 -0.41* 0.10 0.64*** 1.00 
    
RFW -0.09 -0.20 0.18 0.30* -0.35* 0.13 0.28 0.36* 1.00 
   
SDW 0.02 -0.30* -0.37* -0.22 -0.13 0.01 0.39* -0.45* -0.07 1.00 
  
SFW -0.05 -0.11 -0.03 0.00 0.03 0.14 0.13 -0.11 -0.09 0.24 1.00 
 
TDW -0.10 -0.34* -0.33* -0.14 -0.36* 0.07 0.78*** 0.02 0.10 0.88*** 0.23 1 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, CC-chlorophyll content, CT- canopy temperature, LA leaf area, LN leaf number, LR- leaf roll, PH-plant height, RDW-Root dry 
weight, RDW:SDW- root dry weight to shoot dry weight ratio, RFW- root fresh weight,  SDW-shoot dry weight, SFW-shoot fresh weight, TDW-total dry weight. 
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Appendix 15: Correlation coefficients for experimental hybrids under 75 % FC 
TRAIT CC CT LA LN PH RDW RFW RDW:SDW SD SDW SFW TDW 
CC 1.00 
           
CT -0.07 1.00 
          
LA -0.03 0.22 1.00 
         
LN -0.18 0.22 0.32* 1.00 
        
PH 0.13 -0.06 -0.06 -0.09 1.00 
       
RDW 0.07 -0.20 0.03 -0.12 0.34* 1.00 
      
RFW 0.14 -0.06 0.04 0.10 0.08 0.55* 1.00 
     
RDW:SDW -0.01 -0.21 0.09 0.00 -0.08 0.37* -0.01 1.00 
    
SD 0.03 -0.11 -0.01 0.09 0.11 0.07 0.29 0.14 1.00 
   
SDW 0.07 0.04 -0.04 -0.11 0.37* 0.52** 0.45* -0.59*** -0.05 1.00 
  
SFW -0.11 0.25 0.19 0.09 -0.27 0.24 0.21 0.12 0.36* 0.14 1.00 
 
TDW 0.08 -0.05 -0.02 -0.13 0.41* 0.77*** 0.54** -0.30* -0.01 0.95** 0.19 1.00 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, CC-chlorophyll content, CT- canopy temperature, LA leaf area, LN leaf number, LR- leaf roll, PH-plant height, RDW-Root dry 
weight, RDW:SDW- root dry weight to shoot dry weight ratio, RFW- root fresh weight,  SD-stem diameter, SDW-shoot dry weight, SFW-shoot fresh weight, TDW-total dry 
weight. 
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Appendix 16: Average performance of F1 progeny under optimum field conditions 
Cross AD ASI EL EH EPP EM GY NKR PH NRE SD 
 
L4xL6 80.33
 g-l
 1.33
 e-k
 19.00
 a-d
 1.58
 c-f
 2.00
 b
 1.67
 ab
 6.55
 ijk
 43.33
 g
 3.03
 de
 11.67
 a
 81.67
 k-n
  
L9xL6 80.67
 h-l
 0.67
 c-k
 20.87
 b-e
 1.65
 fgh
 2.00
 b
 2.00
 bc
 6.21
 c-k
 37.33
 a-f
 3.12
 e-i
 15.33
 b-f
 81.33
 j-m
  
L20xL6 80.67
 h-l
 -1.00
 a-g
 21.00
 b-e
 1.61
 efg
 1.00
 a
 2.00
 bc
 6.49
 h-k
 39.33
 b-g
 3.11
 e-h
 13.00
 a-d
 79.67
 h-l
  
L4xL7 80.67
 h-l
 -3.67
 a
 20.93
 b-e
 1.72
 ijk
 2.00
 b
 2.00
 bc
 5.55
 abc
 39.67
 b-g
 2.85
 bc
 15.00
 a-f
 77.00
 d-h
  
L9xL7 80.33
 g-l
 1.33
 e-k
 19.30
 a-d
 1.90
 opq
 1.00
 a
 3.00
 d
 5.66
 a-e
 33.67
 a
 3.24
 k-p
 14.00
 a-f
 81.67
 k-n
  
L20xL7 79.67
 e-k
 -3.00
 ab
 20.57
 b-e
 1.60
 d-g
 1.67
 ab
 2.00
 bc
 6.53
 ijk
 41.00
 d-g
 3.16
 f-m
 11.67
 a
 76.67
 c-g
  
L4xL19 80.67
 h-l
 3.67
 k
 20.17
 b-e
 1.53
 c
 2.00
 b
 2.33
 bcd
 6.09
 b-i
 37.67
 a-f
 3.12
 e-i
 12.33
 abc
 84.33
 no
  
L9xL19 78.67
 d-i
 -3.33
 ab
 21.07
 b-e
 1.88
 nop
 1.33
 ab
 2.00
 bc
 5.82
 a-h
 38.67
 a-g
 3.13
 e-j
 12.00
 ab
 75.33
 bcd
  
L20xL19 81.33
 i-l
 -3.00
 ab
 21.10
 b-e
 1.60
 d-g
 1.00
 a
 2.00
 bc
 6.46
 g-k
 37.00
 a-f
 3.39
 qrs
 12.00
 ab
 78.33
 e-i
  
L2xL13 81.67
 jkl
 -1.33
 a-f
 20.50
 b-e
 2.00
 rs
 1.00
 a
 2.00
 bc
 6.04
 b-i
 36.33
 a-e
 2.86
 bc
 12.00
 ab
 80.33
 I-l
  
L8xL13 80.33
 g-l
 -2.00
 a-e
 19.40
 a-d
 1.86
 mno
 2.00
 b
 2.00
 bc
 5.71
 a-f
 41.00
 d-g
 3.22
 i-n
 15.33
 b-f
 78.33
 e-i
  
L11xL13 81.67
 jkl
 -2.67
 abc
 18.93
 a-d
 1.92
 opq
 1.67
 ab
 3.00
 d
 6.87
 jkl
 40.00
 c-g
 3.19
 g-n
 15.33
 b-f
 79.00
 f-k
  
L2xL17 79.33
 d-k
 1.33
 e-k
 19.33
 a-d
 1.66
 ghi
 2.00
 b
 2.00
 bc
 5.70
 a-f
 34.67
 abc
 3.43
 rst
 13.00
 a-d
 80.67
 I-l
  
L8xL17 79.00
 d-j
 1.33
 e-k
 15.60
 a
 1.31
 a
 1.00
 a
 2.00
 bc
 5.81
 a-h
 34.67
 abc
 3.50
 t
 12.67
 a-d
 80.33
 I-l
  
L11xL17 79.33
 d-k
 -0.67
 a-h
 20.80
 b-e
 1.55
 cde
 1.67
 ab
 2.00
 bc
 6.36
 e-k
 39.00
 a-g
 2.75
 ab
 15.33
 b-f
 78.67
 e-j
  
L2xL21 76.67
 cd
 -0.33
 a-i
 20.27
 b-e
 1.64
 fgh
 1.33
 ab
 1.00
 a
 5.63
 a-d
 35.00
 abc
 3.26
 m-p
 13.33
 a-e
 76.33
 c-f
  
L8xL21 80.33
 g-l
 -1.67
 a-e
 19.70
 bcd
 1.65
 ghi
 1.67
 ab
 2.67
 cd
 5.32
 a
 41.00
 d-g
 2.68
 a
 15.67
 c-f
 78.67
 e-j
  
L11xL21 80.33
 g-l
 0.00
 b-j
 18.40
 abc
 1.82
 lmn
 2.00
 b
 2.00
 bc
 5.77
 a-g
 35.67
 a-d
 3.21
 h-n
 12.67
 a-d
 80.33
 I-l
  
L1xL4 78.00
 c-h
 2.00
 f-k
 20.07
 b-e
 2.12
 u
 2.00
 b
 2.00
 bc
 5.63
 a-d
 34.33
 ab
 3.21
 h-n
 13.67
 a-f
 80.00
 I-l
  
L3xL4 73.33
 ab
 -1.67
 a-e
 18.37
 abc
 2.10
 tu
 2.00
 b
 1.00
 a
 6.10
 b-i
 35.67
 a-d
 3.13
 e-j
 13.33
 a-e
 71.67
 a
  
L5xL4 83.00
 l
 -2.00
 a-e
 17.37
 ab
 2.07
 stu
 2.00
 b
 2.00
 bc
 6.17
 c-j
 37.00
 a-f
 3.19
 g-n
 14.67
 a-f
 81.00
 I-m
  
L1xL9 81.00
 i-l
 3.33
 jk
 18.40
 abc
 2.26
 v
 1.00
 a
 3.00
 d
 5.66
 a-e
 37.67
 a-f
 3.35
 p-s
 14.33
 a-f
 84.33
 no
  
L3xL9 80.33
 g-l
 2.00
 f-k
 20.57
 b-e
 2.06
 stu
 2.00
 b
 2.00
 bc
 6.32
 d-k
 36.67
 a-f
 3.41
 rst
 14.00
 a-f
 82.33
 l-o
  
L5xL9 78.00
 c-h
 1.00
 d-k
 21.57
 cde
 1.76
 jkl
 1.00
 a
 4.00
 e
 5.72
 a-f
 35.00
 abc
 3.46
 st
 14.00
 a-f
 79.00
 f-k
  
L1xL20 81.00
 i-l
 -1.67
 a-e
 20.07
 b-e
 1.88
 nop
 1.00
 a
 3.00
 d
 6.33
 d-k
 37.00
 a-f
 3.06
 ef
 13.33
 a-e
 79.33
 g-k
  
L3xL20 76.67
 cd
 3.00
 ijk
 18.73
 abc
 1.94
 pqr
 1.00
 a
 2.00
 bc
 6.47
 g-k
 41.33
 efg
 3.22
 i-n
 15.67
 c-f
 79.67
 h-l
  
L5xL20 79.00
 d-j
 2.00
 f-k
 21.37
 cde
 1.67
 ghi
 1.00
 a
 2.67
 cd
 5.56
 abc
 41.00
 d-g
 3.08
 efg
 15.00
 a-f
 81.00
 i-m
  
L12xL2 81.33
 i-l
 -0.33
 a-i
 19.40
 a-d
 1.77
 kl
 1.00
 a
 2.00
 bc
 5.71
 a-f
 35.00
 abc
 2.76
 ab
 13.00
 a-d
 81.00
 i-m
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Appendix 16 continued: Average performance of F1 progeny under optimum field conditions 
 
Cross AD ASI EL EH EPP EM GY NKR PH NRE SD 
L14xL2 78.67
 d-i
 -1.67
 a-e
 19.13
 a-d
 2.04
 st
 1.33
 ab
 2.00
 bc
 6.40
 f-k
 36.00
 a-e
 3.27
 nop
 14.00
 a-f
 77.00
 d-h
 
L18xL2 77.33
 c-f
 -2.33
 a-d
 20.10
 b-e
 1.80
 lm
 2.00
 b
 1.00
 a
 5.59
 abc
 37.00
 a-f
 3.46
 st
 14.67
 a-f
 75.00
 bcd
 
L12xL8 78.00
 c-h
 2.00
 f-k
 19.70
 bcd
 1.64
 fgh
 1.67
 ab
 3.00
 d
 5.60
 abc
 36.00
 a-e
 2.69
 a
 15.00
 a-f
 80.00
 i-l
 
L14xL8 72.00
 a
 3.00
 ijk
 21.03
 b-e
 1.52
 c
 2.00
 b
 2.00
 bc
 5.78
 a-g
 35.67
 a-d
 2.85
 bc
 14.67
 a-f
 75.00
 bcd
 
L18xL8 77.67
 c-g
 2.33
 g-k
 20.43
 b-e
 1.55
 cde
 1.00
 a
 3.00
 d
 5.60
 abc
 38.00
 a-g
 2.85
 bc
 16.00
 def
 80.00
 i-l
 
L12xL11 81.67
 jkl
 -1.67
 a-e
 18.87
 abc
 1.85
 mno
 2.00
 b
 2.00
 bc
 6.55
 ijk
 36.67
 a-f
 3.34
 o-r
 14.83
 a-f
 80.00
 i-l
 
L14xL11 82.00
 kl
 2.67
 h-k
 19.80
 b-e
 1.91
 opq
 2.00
 b
 2.67
 cd
 5.46
 ab
 36.00
 a-e
 3.30
 n-q
 14.67
 a-f
 84.67
 o
 
L18xL11 80.67
 h-l
 -1.33
 a-f
 21.10
 b-e
 1.82
 lmn
 2.00
 b
 3.00
 d
 8.18
 n
 36.67
 a-f
 3.22
 i-n
 15.33
 b-f
 79.33
 g-k
 
L10xL12 82.00
 kl
 -1.00
 a-g
 19.47
 bcd
 1.76
 jkl
 1.67
 ab
 1.00
 a
 6.63
 ijk
 35.33
 abc
 3.14
 e-k
 14.00
 a-f
 81.00
 i-m
 
L15xL12 81.33
 i-l
 -2.67
 abc
 21.73
 cde
 1.91
 opq
 1.00
 a
 2.00
 bc
 6.12
 b-i
 39.67
 b-g
 3.29
 n-q
 16.67
 ef
 78.67
 e-j
 
L16xL12 78.67
 d-i
 -2.67
 abc
 20.43
 b-e
 1.72
 ijk
 1.67
 ab
 3.00
 d
 5.69
 a-f
 40.00
 c-g
 3.12
 e-i
 15.00
 a-f
 76.00
 cde
 
L10xL14 82.00
 kl
 3.00
 ijk
 20.17
 b-e
 1.96
 qr
 2.00
 b
 2.00
 bc
 5.64
 a-d
 36.33
 a-e
 3.26
 m-p
 13.33
 a-e
 85.00
 o
 
L15xL14 77.67
 c-g
 -2.67
 abc
 20.33
 b-e
 1.40
 b
 1.00
 a
 2.00
 bc
 5.98
 a-i
 34.33
 ab
 3.23
 j-o
 13.00
 a-d
 75.00
 bcd
 
L16xL14 80.00
 f-k
 0.00
 b-j
 19.33
 a-d
 1.64
 fgh
 2.00
 b
 3.00
 d
 5.67
 a-e
 35.67
 a-d
 3.09
 efg
 12.67
 a-d
 80.00
 i-l
 
L10xL18 81.00
 i-l
 2.67
 h-k
 20.57
 b-e
 1.53
 cd
 1.67
 ab
 2.67
 cd
 5.58
 abc
 34.67
 abc
 3.25
 l-p
 12.67
 a-d
 83.67
 mno
 
L15xL18 77.00
 cde
 -3.00
 ab
 20.97
 b-e
 1.70
 hij
 1.00
 a
 2.00
 bc
 6.35
 e-k
 35.67
 a-d
 3.14
 e-l
 13.33
 a-e
 74.00
 abc
 
L16xL18 75.33
 bc
 -2.67
 abc
 22.13
 cde
 1.66
 ghi
 1.00
 a
 3.00
 d
 6.52
 h-k
 39.00
 a-g
 3.24
 j-o
 15.00
 a-f
 72.67
 ab
 
QS7719 81.00
 i-l
 -2.67
 abc
 21.33
 cde
 1.76
 jkl
 1.67
 ab
 3.00
 d
 7.46
 lm
 42.00
 fg
 2.94
 cd
 16.00
 def
 78.33
 e-i
 
QS7646 80.33
 g-l
 -1.00
 a-g
 22.77
 de
 1.56
 cde
 1.67
 ab
 1.67
 ab
 6.92
 kl
 39.00
 a-g
 3.09
 efg
 16.00
 def
 79.33
 g-k
 
   SC701 81.00
 i-l
 -0.67
 a-h
 23.63
 e
 1.65
 fgh
 2.00
 b
 1.67
 ab
 8.05
 mn
 39.67
 b-g
 3.28
 n-q
 17.00
 f
 80.33
 i-l
 
Mean 79.56 -0.33 20.12 1.76 1.56 2.23 6.13 37.48 3.15 14.11 79.23 
SED 0.69 0.87 0.94 0.02 0.24 0.23 0.17 1.37 0.03 0.83 0.68 
CV % 1.10 32.66 5.70 1.20 18.70 12.40 3.50 4.50 1.10 7.20 1.10 
AD- anthesis days, ASI –anthesis-silking interval, EL- ear length, EH- ear height, EPP-ears per plant, EM-endosperm modification, GY- grain yield, NKR-number of kernel 
rows, PH-plant height, NRE-number of rows per ear, SD-silking days
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Appendix 17: Specific combining ability of top ten and bottom ten performers under optimum field conditions 
Top ten 
               
 
Cross AD   Cross ASI   Cross EL 
 
Cross EH 
 
Cross EPP   
1 L5xL9 -2.85
a
 
 
L4xL7 -3.11
a
 
 
L11xL17 2.06
f
 
 
L15xL14 -0.24 
a
 
 
L2xL17 0.59 
h
 
 2 L3.L4 -2.63
ab
 
 
L1xL2 -3.11
a
 
 
L1xL4 1.57
ef
 
 
L10xL18 -0.15 
b
 
 
L18xL2 0.56 
gh
 
 3 L14.L8 -2.63
ab
 
 
L9xL19 -2.78
ab
 
 
L8xL21 1.23
def
 
 
L5xL9 -0.12 
bcd
 
 
L8xL13 0.48 
fgh
 
 4 L2xL21 -1.82
abc
 
 
L10xL12 -1.44
abc
 
 
L4xL7 1.08 
c-f
 
 
L2xL21 -0.12
 bc
 
 
L9xL6 0.44 
e-h
 
 5 L18xL2 -1.52
a-d
 
 
L3xL4 -1.33
abc
 
 
L5xL9 0.9 
b-f
 
 
L14xL8 -0.11 
b-e
 
 
L20xL7 0.44 
e-h
 
 6 L15xL14 -1.44
a-e
 
 
L14xL2 -1.26 
a-d
 
 
L16xL18 0.85 
b-f
 
 
L9xL6 -0.1 
c-f
 
 
L3xL9 0.44 
e-h
 
 7 L12xL11 -1.3
a-e
 
 
L12xL11 -1.26 
a-d
 
 
L5xL2 0.82 
b-f
 
 
L12xL2 -0.09 
c-g
 
 
L14xL8 0.33 
d-h
 
 8 L1xL4 -1.19
a-e
 
 
L15xL14 -1 
a-e
 
 
L3xL9 0.78 
b-f
 
 
L10xL12 -0.09 
c-g
 
 
L12xL8 0.22 
c-h
 
 9 L9xL19 -1.11
b-f
 
 
L11xL17 -0.89 
a-f
 
 
L8xL13 0.77 
b-f
 
 
L8xL17 -0.09 
c-g
 
 
L16xL14 0.22 
c-h
 
 10 L16xL18 -1
b-g
 
 
L8xL21 -0.89 
a-f
 
 
L15xL12 0.75 
b-f
 
 
L1xL4 -0.08 
c-h
 
 
L15xL18 0.22 
c-h
 
 
 
Bottom Ten 
             10 L10xL18 1
 k-p
 
 
L11xL21 1.11
 d-k
 
 
L16xL14 -0.67
 a-f
 
 
L20xL6 0.07
 q-t
 
 
L3xL2 -0.22
 a-e
 
 
9 L1xL2 1.04
 k-q
 
 
L10xL18 1.11
 d-k
 
 
L15xL18 -0.7
 a-f
 
 
L12xL8 0.08
 r-v
 
 
L14xL2 -0.22
 a-e
 
 
8 L2xL13 1.07
 k-q
 
 
L15xL12 1.22
 e-k
 
 
L11xL13 -0.84
 a-e
 
 
L9xL19 0.08
 r-u
 
 
L15xL14 -0.22
 a-e
 
 
7 L8xL21 1.19
 l-q
 
 
L12xL2 1.41
 f-k
 
 
L4xL6 -0.88
 a-e
 
 
L2xL17 0.1
 s-w
 
 
L20xL6 -0.33
 a-d
 
 
6 L15xL12 1.44
 m-q
 
 
L5xL2 1.44
 f-k
 
 
L9xL7 -0.93
 a-e
 
 
L15xL18 0.1
 s-w
 
 
L12xL2 -0.33
 a-d
 
 
5 L16xL14 1.56
 m-q
 
 
L3xL2 1.67
 g-k
 
 
L3xL2 -0.93
 a-e
 
 
L14xL2 0.11
 t-w
 
 
L16xL18 -0.33
 a-d
 
 
4 L14xL11 1.82
 opq
 
 
L14xL11 1.74
 h-k
 
 
L11xL21 -1.22
 a-d
 
 
L1xL9 0.13
 vw
 
 
L2xL13 -0.41
 abc
 
 
3 L18xL8 2.04
 pq
 
 
L1xL4 2.22
 ijk
 
 
L1xL9 -1.68
 abc
 
 
L5xL4 0.13
 uvw
 
 
L9xL7 -0.44
 abc
 
 
2 L3xL9 2.7
 qr
 
 
L9xL7 2.78
 jk
 
 
L5xL4 -1.72
 ab
 
 
L15xL12 0.14
 w
 
 
L8xL17 -0.52
 ab
 
 
1 L5xL4 3.82
 r
 
 
L4xL19 3.33
 k
 
 
L8xL17 -2
 a
 
 
L10xL14 0.24
 x
 
 
L18xL8 -0.56
 a
 
 
AD- anthesis days, ASI –anthesis-silking interval, EL- ear length, EH- ear height, EPP-ears per plant,
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Appendix 17 continued: Specific combining ability of top ten and bottom ten performers under optimum field conditions 
 
Top ten 
                 Rank Cross EM 
 
Cross GY 
 
Cross NKR 
 
Cross PH 
 
Cross NRE 
 
Cross SD 
 1 L18xL2 -0.71
 a
 
 
L18xL11 1.09
 p
 
 
L9xL19 2.96
 h
 
 
L11xL17 -0.4
 a
 
 
L4xL7 1.44
 g
 
 
L3xL4 -3.96
 a
 
 
2 L5xL2 -0.54
 ab
 
 
L14xL2 0.72
 op
 
 
L20xL7 2.41
 gh
 
 
L8xL21 -0.38
 a
 
 
L9xL6 1.22
 fg
 
 
L9xL19 -3.89
 ab
 
 
3 L14xL8 -0.49
 abc
 
 
L10xL12 0.55
 no
 
 
L8xL21 2.37
 fgh
 
 
L2xL13 -0.29
 b
 
 
L11xL17 1.15
 efg
 
 
L5xL9 -3.41
 abc
 
 
4 L12xL11 -0.49
 abc
 
 
L16xL18 0.43
 mno
 
 
L1xL9 2.19
 fgh
 
 
L12xL2 -0.25
 b
 
 
L8xL21 1.15
 efg
 
 
L14xL8 -3.11
 a-d
 
 
5 L10xL12 -0.41
 a-d
 
 
L5xL4 0.38
 l-o
 
 
L10xL14 2.19
 fgh
 
 
L18xL11 -0.16
 c
 
 
L15xL12 1.07
 efg
 
 
L4xL7 -2.89
 a-e
 
 
6 L8xL13 -0.38
 a-e
 
 
L14xL8 0.34
 k-o
 
 
L11xL17 2.15
 fgh
 
 
L9xL19 -0.12
 cd
 
 
L16xL18 1.07
 efg
 
 
L12xL11 -2.56
 a-f
 
 
7 L2xL21 -0.38
 a-e
 
 
L1xL2 0.33
 k-o
 
 
L4xL6 1.74
 e-h
 
 
L4xL7 -0.11
 cde
 
 
L10xL14 0.96
 d-g
 
 
L15xL14 -2.44
 a-f
 
 
8 L11xL17 -0.27
 a-f
 
 
L20xL7 0.27
 j-n
 
 
L15xL12 1.52
 e-h
 
 
L15xL18 -0.09
 def
 
 
L3xL2 0.89
 c-g
 
 
L10xL12 -2.33
 b-g
 
 
9 L15xL18 -0.25
 a-f
 
 
L11xL13 0.25
 i-n
 
 
L16xL18 1.07
 d-h
 
 
L10xL12 -0.07
 d-h
 
 
L20xL19 0.67
 c-g
 
 
L1xL2 -2.07
 c-h
 
 
10 L16xL18 -0.25
 a-f
 
 
L4xL6 0.22
 h-n
 
 
L5xL4 0.96
 d-h
 
 
L20xL6 -0.07
 d-g
 
 
L1xL9 0.67
 c-g
 
 
L2xL21 -2.04
 c-h
 
 
 
Bottom  ten 
 
  
 
  
 
  
 
  
 
  
 
10 L16xL12 0.36
 fgh
 
 
L1xL4 -0.21
 c-g
 
 
L20xL6 -1.15
 a-e
 
 
L8xL17 0.26
 y
 
 
L16xL14 -0.59
 a-g
 
 
L12xL2 2.11
 r-v
 
 
9 L11xL13 0.40
 fgh
 
 
L11xL21 -0.22
 c-g
 
 
L20xL19 -1.26
 a-e
 
 
L11xL21 0.23
 xy
 
 
L3xL4 -0.67
 a-f
 
 
L10xL18 2.11
 r-v
 
 
8 L2xL17 0.40
 fgh
 
 
L20xL6 -0.27
 b-f
 
 
L16xL14 -1.26
 a-e
 
 
L12xL11 0.21
 wxy
 
 
L15xL18 -0.7
 a-f
 
 
L16xL14 2.22
 s-v
 
 
7 L20xL6 0.47
 gh
 
 
L4xL7 -0.28
 b-f
 
 
L4xL19 -1.7
 a-d
 
 
L18xL2 0.2
 v-y
 
 
L9xL19 -0.89
 a-e
 
 
L3xL9 2.37
 s-v
 
 
6 L9xL7 0.47
 gh
 
 
L5xL2 -0.38
 b-e
 
 
L10xL12 -1.7
 a-d
 
 
L11xL13 0.17
 u-x
 
 
L1xL2 -0.89
 a-e
 
 
L18xL8 2.67
 tuv
 
 
5 L4xL19 0.47
 gh
 
 
L16xL12 -0.4
 b-e
 
 
L5xL9 -1.82
 a-d
 
 
L2xL21 0.15
 t-w
 
 
L2xL13 -1.07
 a-d
 
 
L15xL12 2.67
 tuv
 
 
4 L8xL21 0.51
 gh
 
 
L18xL8 -0.42
 bcd
 
 
L1xL2 -1.82
 a-d
 
 
L2xL17 0.14
 s-v
 
 
L20xL7 -1.11
 abc
 
 
L5xL4 2.93
 uv
 
 
3 L14xL2 0.51
 gh
 
 
L10xL18 -0.5
 bc
 
 
L11xL21 -2.3
 abc
 
 
L9xL7 0.12
 r-u
 
 
L8xL17 -1.63
 ab
 
 
L9xL7 3.33
 v
 
 
2 L18xL11 0.51
 gh
 
 
L18xL2 -0.67
 ab
 
 
L9xL7 -2.37
 ab
 
 
L8xL13 0.12
 r-u
 
 
L4xL6 -1.67
 ab
 
 
L4xL19 3.56
 v
 
 
1 L5xL9 0.73
 h
 
 
L14xL11 -1.06
 a
 
 
L8xL17 -2.85
 a
 
 
L20xL19 0.09
 q-t
 
 
L11xL21 -1.74
 a
 
 
L14xL11 3.56
 v
 
 
EM-endosperm modification, GY- grain yield, NKR-number of kernel rows, PH-plant height, NRE-number of rows per ear, SD-silking days 
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Appendix 18: Correlation matrix for inbred lines under optimum field conditions 
Trait AD ASI EL EH EPP EM GY NKR PH NRE SD 
AD 1.00 
          
ASI 0.10 1.00 
         
EL 0.00 -0.34 1.00 
        
EH 0.16 0.17 -0.23 1.00 
       
EPP -0.18 -0.25 0.28 0.06 1.00 
      
EM -0.35 -0.09 -0.11 -0.12 -0.37 1.00 
     
GY 0.39 -0.08 -0.04 -0.13 -0.24 0.05 1.00 
    
NKR 0.11 -0.30 0.54* -0.14 -0.17 0.12 0.00 1.00 
   
PH 0.62* 0.39 -0.43* 0.56* -0.05 -0.27 0.05 -0.14 1.00 
  
NRE 0.07 -0.10 0.20 0.21 -0.14 0.16 0.05 0.49* 0.10 1.00 
 
SD -0.05 -0.40 0.15 0.24 0.54* -0.12 0.06 -0.29 -0.12 -0.01 1.00 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, AD-anthesis days, ASI-anthesis-silking interval, EL-ear length, EH-ear height, EPP-ears per plant, EM-endosperm modification, GY-
grain yield, NKR-number of kernel rows, PH-plant height, NRE-number of rows per ear, SD-silking days. 
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Appendix 19: Correlation matrix for hybrids under optimum field conditions 
Trait AD ASI EL EH EPP EM GY NKR PH NRE SD 
AD 1.00 
          
ASI -0.08 1.00 
         
EL -0.07 -0.20 1.00 
        
EH 0.17 0.00 -0.22 1.00 
       
EPP 0.11 0.09 -0.06 0.09 1.00 
      
EM 0.12 0.18 0.10 0.00 -0.26 1.00 
     
GY 0.19 -0.32* 0.35* -0.02 0.10 -0.06 1.00 
    
NKR 0.14 -0.26 0.26 -0.06 0.05 0.06 0.32* 1.00 
   
PH 0.07 0.06 -0.15 0.20 -0.01 -0.10 0.09 -0.28 1.00 
  
NRE -0.01 -0.06 0.32* 0.10 0.10 0.18 0.27 0.36* -0.15 1.00 
 
SD 0.69*** 0.67*** -0.20 0.13 0.15 0.22 -0.09 -0.08 0.09 -0.05 1.00 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, AD-anthesis days, ASI-anthesis-silking interval, EL-ear length, EH-ear height, EPP-ears per plant, EM-endosperm modification, GY-
grain yield, NKR-number of kernel rows, PH-plant height, NRE-number of rows per ear, SD-silking days 
